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Chapter 1
Introduction and outline of this thesis
Parts of this introduction will be published in Dutch as “Ultrageluidsmetingen van 
de calcaneus: een veelbelovende methode om  osteoporotische fracturen te 
voorspellen” in Ned Tijdschr Geneeskd.
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Osteoporosis is a skeletal disorder, characterized by a reduction of bone mineral 
density (BMD) that accompanies architectural deterioration [1]. At present, the 
clinical assessment of osteoporosis relies mainly on BM D measurements by dual­
energy X-ray absorptiometry (DXA) or quantitative computed tomography (QCT) at 
the lumbar spine, hip or distal radius. DXA and QCT are based on radiation 
techniques.
Quantitative ultrasound (QUS) was developed in 1984 as a tool for the 
assessment of cancellous bone mechanical quality [2]. Since then, there is a growing 
interest in the use of QUS measurements as an alternative to radiation-based 
densitometry techniques for the non-invasive assessment of osteoporosis [3,4]. The 
QUS devices used are more portable and less expensive than radiation based 
equipment. Since the late 1980s, a number of devices has been developed for QUS 
measurements at peripheral skeletal sites (e.g. phalanx, tibia or calcaneus).
This thesis focuses on several aspects of QUS as a method for evaluation of 
skeletal status. This first chapter, which precedes the original studies, contains a 
short summary of basic ultrasound principles, a review of the current knowledge of 
bone measurements by ultrasound in-vitro and of the application of calcaneal 
ultrasound measurements in-vivo.
1 Physics of ultrasound
Sound is a mechanical vibration propagating in a fluid or in a solid medium. This 
m echanical vibration provokes a disturbance of the medium particles around their 
resting position. Because of interaction between the particles the disturbance is 
transmitted to the other particles in the medium. The vibrations of the particles are 
accompanied by local changes in density and pressure, therefore sound is an elastic 
wave. Sound waves are elastic waves with frequencies that lie within the hearing 
range of the human ear, approximately 20 to 20000 cycles per second (0.02-20 KHz). 
Elastic vibrations at a frequency above 20 KHz are called ultrasound waves. The 
frequency range that is most useful to study bone is between 0.1 and 1 M Hz [2].
Sound waves in which the particles oscillate along the longitudinal axis of wave 
propagation are called longitudinal waves. Due to a shearing strain produced at some 
point o f a solid particle, the wave can be transmitted transversely (called shear 
waves). Then the motion of the particles is directed perpendicularly to the
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propagation axis of the wave. In hard solid tissue, such as bone, both longitudinal 
and shear waves may be propagated.
1.1 Tissue interaction
1.1.1 Reflection and refraction
Reflection and refraction will occur at the boundary between two media with 
different acoustic impedances (i.e. having different densities and/or velocities of the 
particles). W hen the first medium  is a fluid, as is the soft tissue, and when the second 
medium is solid, as is bone, than the incident longitudinal wave is partially converted 
into a shear wave in the solid and thus gives rise to two refracted waves (Figure 1).
Incident sound waves with a velocity v1 at angle 01 on a plane interface are 
reflected with the same angle. The transmitted wave is refracted away from  the 
principal direction with a velocity v2 and an angle of refraction 02 according to 
Snell’s law: sin 0 1 /  v 1 = sin 02 /  v 2 = sin 03 /  v 3 [6] which relates to the angles of the 
various waves. Subscript 3 refers to the shear wave. As longitudinal waves propagate 
at higher v in solids than in fluids, the refraction angle 02 is larger than the angle of 
incidence 01. If the velocity of the shear wave in the solid is greater than the velocity 
of the incident wave in the fluid, the refraction angle 03 is larger than the angle of 
incidence 01.
Incident
longitudinal
wave
Reflected 
J longitudinal
! wave i 4  ■i /  i /  i /  i /
. e, j ei /
Liquid
\  i /  \ i  /
Solid
- j g N .  Refracted
longitudinal Figure 1 The incident longitudinal wave
j 3 'v wave
1 X in a fluid is partially converted into a1 \
| Refracted ^ shear wave in the solid and then gives rise
| shear wave 
i to two refracted waves (adapted from [5]).
1.1.2 Scattering
Ultrasonic scattering results from  the interaction between a primary ultrasonic wave 
and the boundaries of particles which are relatively small as compared to the
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wavelength, and which have physical properties (density and/or compressibility) 
different from  those of the surrounding medium. As a result, the oscillatory 
movement of the scatterer is different from  that of the surrounding medium, which 
leads to emission of secondary (scattered) waves. Scattering by a single particle 
depends on the ratio of its dimension to the ultrasonic wavelength. W hen the 
scattering body is much larger than the wavelength, reflection rather than scattering 
occurs [2]. The level o f scattered energy is generally weaker than the amount of 
energy reflected from  organ boundaries. Both scattering and reflection, however, are 
important for image formation.
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2 Physics of ultrasound applied to bone measurements
W ith ultrasound propagation in bone, velocity and amplitude of the sound wave are 
both affected by the medium. Bone tissue therefore may be characterized in terms of 
ultrasound velocity and ultrasound attenuation.
2.1 Velocity
The velocity of an ultrasound wave depends on the properties of the m edium  through 
which it is propagating, but also on the mode of propagation (i.e. the type of wave). 
Bone tissue supports the propagation of longitudinal waves and also additional 
propagation waves such as shear and surface waves. In general, two distinct wave 
velocities can be identified: phase velocity and group velocity [7]. Phase velocity 
refers to the velocity of a sinusoidal wave at a single frequency, according to 
equation (1). Group velocity is the velocity of a wave package. For certain materials, 
such as water, phase and group velocity are the same. For bone, these two velocities 
are not identical. Bone is therefore a dispersive medium  and group velocity is usually 
measured. Trabecular bone is more dispersive than cortical bone [8,9]. In a bar with 
a diameter less than the wavelength, the sound velocity v is related to the mechanical 
properties of the bar material as follows:
where p is the density of the medium  and E  the Young’s modulus (a measure of the 
stiffness of the material). W hen the wavelength is small compared to the specimen 
dimensions, a more complex equation applies in which also shear moduli are 
involved. There are however problems in applying these equations directly to bone, 
since trabecular bone is a two-phase (marrow and bone), heterogeneous, anisotropic 
material rather than a homogeneous solid tissue. Nevertheless, this idealized equation 
may be used for developing empirical relationships between density, elasticity and 
velocity.
In the clinical application of QUS for bone measurements, there is no uniform  
terminology of ultrasound velocity. The terms speed of sound (SOS), velocity of 
sound (VOS), apparent velocity of ultrasound (AVU) and ultrasound transmission 
velocity (UTV) all refer to the same generic ultrasound measure. For ultrasound 
measurements at the calcaneus three different methods of calculation of velocity 
have been used: limb (heel) velocity (i.e. calcaneus and soft tissue), bone velocity 
(i.e. calcaneus only) and time of flight velocity (TOF, i.e. calcaneus, soft tissue and 
the coupling medium  water). M iller et al. [10] found strong correlations between the
(1)
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three different calculations of velocity and recommended that TOF velocity should 
be performed for immersion techniques (waterbath method) and heel velocity for 
contact measurements. In the calculation of the TOF velocity, a constant heel 
thickness is assumed, the velocity m easured is therefore dependent upon true heel 
width [11,12]. This may be an important aspect when measuring growing subjects. 
For both heel velocity and bone velocity, heel thickness is measured and accounted 
for in the velocity calculation.
2.2 Attenuation
As an ultrasound wave propagates through a medium, energy is lost. This 
phenomenon is called attenuation. Factors contributing to attenuation are absorption, 
scattering and beam  diffraction [13]. In trabecular bone, the most important factor is 
scattering, in cortical bone it is absorption. The attenuation as a function of 
frequency is determined by comparing the amplitude spectrum for a reference 
material which is assumed to be non-attenuated (such as degassed water) with that of 
the measured sample (Figure 2).
(a)
Frequency (MHz) 
(b)
Figure 2 Description of BUA where (a) the amplitude spectra for a sample and 
reference material are compared resulting in (b) attenuation as a function of 
frequency. Broadband ultrasound attenuation (BUA) is the slope of the regression line 
(adapted from [5]).
The slope of the attenuation in dB versus frequency is given by the linear regression 
of the logarithmic spectral amplitude difference. In the frequency range of 0.1-1 
MHz, the attenuation coefficient is approximately linearly proportional to frequency 
[2]. In clinical practice, this parameter is known as broadband ultrasound attenuation 
(BUA).
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Generally attenuation is not norm alized for calcaneal thickness and BUA is 
reported as dB/M Hz, rather than as dB/MHz/cm. In-vitro, BUA is dependent on bone 
thickness [14]. In adults the impact of heel width on BUA is relatively small 
[12,14,15]. However, in children m arked differences in heel width between both 
sexes and between age groups are present and it is proposed that adjustment for heel 
width should be taken into consideration [14].
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There are several error sources for quantitative ultrasound bone measurements. There 
are marked differences between the devices and the coupling m edium  between the 
transducers and the skin (such as a waterbath, gel or sound-transmitting pads) is 
important. The m ost important error sources however are subject dependent such as 
the positioning of the foot and the properties of the soft tissue.
3.1 Impact of differences between devices
Differences in the diameter of the transducers and the frequency used influence the 
ultrasound signal transmission. Furthermore, different methods for the calculation of 
BUA and particularly SOS are used [16]. Consequently results obtained with 
different devices cannot be directly compared. The development of quality standards 
for and cross-calibrations of QUS scanners is necessary, so that results from  different 
devices can be compared.
3.2 Impact of the coupling medium
W hen water is used as the coupling medium, it does not influence BUA since sound 
attenuation in water is negligibly low. However, the velocity in water is influenced 
by the waterbath temperature [17]. Air bubbles in the water may also disturb 
ultrasound transmission [18]. The cleanness of the skin of the heel is another error 
source and may be related to the formation of air bubbles trapped at the skin surface. 
Therefore careful cleaning of the skin with an alcohol swab is recommended. In dry 
systems little is known about the influence of temperature of and air bubbles within 
the used coupling gel.
3.3 Impact of foot positioning
The calcaneus is an irregularly shaped bone with an inhomogeneous inner structure 
and the results of QUS measurements strongly depend on the m easured location 
within the calcaneus [19,20]. W hen using fixed ultrasound transducers, the location 
o f the measurement is influenced by the positioning of the foot, hence by the size of 
the foot and size of the calcaneus. Translation and foot movements in the dorsal­
plantar direction contribute to differences in QUS parameters when measurements 
are repeated [17]. This may be a major problem  particularly in growing subjects and 
when comparing male and female data.
W ith the recently introduced calcaneal imaging devices it is possible to visualize 
the measured location within the calcaneal image [21-25]. The use of an imaging
3 Errors in ultrasound measurements
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system  also enables positioning of the region of interest (ROI) within the image, 
hence an inappropriate positioning of the ROI can be recognized (Figure 3). W ith the 
currently used non-imaging devices positioning errors are more likely to occur.
Figure 3 Ultrasound image of the calcaneus with the 
UBIS 3000 device (DMS, Montpellier, France). Within 
the circle, the ultrasound parameters BUA and SOS are 
measured at the region of lowest attenuation in the 
posterior part of the calcaneus.
The region of lowest density is located in the posterior part o f the calcaneus and this 
region corresponds with the region of lowest attenuation. A computer algorithm for 
automatic detection of this region has been developed with imaging devices [26,27]. 
Using this technique, precision was better with imaging devices than with non­
imaging fixed transducer devices [24,27].
An additional positioning error that affects precision is rotation of the heel 
[17,28]. This error may occur in instruments with fixed transducers, as well as in 
imaging devices.
3.4 Impact of soft tissue properties
The temperature of the skin and subcutaneous tissue can influence BUA and SOS 
results. In water-based calcaneus systems a negative correlation between SOS and 
skin temperature [29] and a positive correlation between BUA and skin temperature
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[18] was reported. U ltrasound velocities are dependent on temperature. W hen using 
water with a constant temperature of 30° C, SOS decreases and BUA increases 
significantly after immersion of the foot in the bath [28,30], probably due to soft 
tissue temperature alterations. W ith the recently developed temperature regulated 
waterbath systems soft tissue temperature alterations are less likely to occur.
Variations in soft tissue thickness (due to ankle edema or weight changes) may 
affect BUA and SOS especially in dry gel-coupled systems (Figure 4) [31]. For a dry 
system, a 6-m m  decrease in heel thickness caused an increase of 24 m/s in SOS. This 
effect can be explained by an increase of the bone to soft tissue ratio along the 
ultrasound path through the heel. For water-based systems (Figure 5) a much smaller 
effect of variations in soft tissue thickness because the acoustic parameters of edema 
and water are quite similar [12,32,33].
Figure 4 A dry gel-coupled calcaneal Figure 5 A water-based calcaneal ultrasound
device (Sahara, Hologic, Bedford, USA). ultrasound device (UBIS 3000, DMS,
Montpellier, France).
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4 Ultrasound studies of trabecular bone in-vitro
Trabecular bone consists o f a heterogeneous open-celled architecture of mineralized 
tissue that is embedded in marrow fluid. The architecture varies according to the 
local mechanical stimuli. The heterogeneity of trabecular bone is acoustically 
demonstrated by the wide differences in values for velocity (1450-3400 m/s) and 
BUA (2-55 dB/MHz/cm) for different measurement sites [20,34-42]. Also these 
QUS parameters depend on the measuring direction in bone cubes in contrast to 
BMD [38-40,43,44]. BUA and SOS are greatest along the principal weight bearing 
axis [34,38,40,45]. Furthermore, with parametric imaging techniques it has been 
demonstrated that within the same measurement site (i.e. the calcaneus) there is a 
pronounced variation in BUA and SOS depending upon the localization of the region 
of interest [20].
4.1 Relationship of QUS parameters with density
In human trabecular bone, correlations between BUA and density are strong and 
positive [39,46-49]. In the more dense bovine trabecular bone the relationship 
between BUA and density is weak or even absent and negative regression slopes are 
sometimes reported [41,46-48,50,51]. Similar findings are reported in bovine bone 
after demineralization [52]. These results indicate that the relationship between BUA 
and density is not linear over a wide range of density. Han et al. [47] suggested that 
the attenuation in low-density trabecular bone is mainly due to absorption while 
scattering is more important in dense bone. Since attenuation due to scattering 
depends on the number, size and shape of the scatterers, differences in pore geometry 
(and thus density) may explain the attenuation differences. This may have clinical 
implications, as calcaneal BUA may not reflect reliably measurements in (young and 
healthy) subjects with a high bone density.
Positive linear correlations of velocity with density for both human and bovine 
samples have been reported over a wide range of density [39,46,47]. This was also 
found after demineralization [53]. However, the correlation of velocity with density 
varies with the orientation of the measurement, indicating that velocity reflects other 
bone properties in addition to density [38-40,43,44].
4.2 Relationship of QUS parameters with trabecular architecture
M orphometric scalar parameters such as connectivity, trabecular number, trabecular 
spacing, and trabecular thickness have been used to express trabecular arrangement. 
In recent studies, modest correlations between these scalar parameters as evaluated
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by histomorphometry [54], |J.CT [51,55] and MRI [43] and ultrasound velocity were 
reported. Significance of the relationship was lost after adjustment for density 
[43,54,55]. For BUA similar results were reported [51,54]. Also, in the human 
calcaneus no significant correlation between both QUS parameters and 
histomorphometric parameters was found [56]. So it seems not appropriate to 
correlate QUS parameters with these scalar parameters for evaluation of the ability of 
QUS to explain trabecular arrangement, since these parameters do not discriminate 
between architectural arrangement and quantity of bone [57].
4.3 Relationship of QUS parameters with mechanical properties
It is known that strength (resistance against fracture) is highly correlated with elastic 
stiffness (resistance against deformation) [58-65]. Strong correlations between QUS 
parameters on the one hand and ultimate strength [37,66,67] or elastic moduli (a 
measure of the stiffness o f a material) [34-36,66] on the other have been reported in 
bovine and human trabecular bone samples. In general, velocity seems to be a better 
predictor of mechanical properties than BUA in trabecular bone [34,36-38].
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5.1 The relationship between QUS parameters and BMD
Osteoporosis is defined by the W orld Health Organization (WHO) on the basis of 
BMD measurements [68]. Several comparative studies have investigated the 
relationship between QUS parameters and BMD. These studies were perform ed to 
examine whether QUS measurements reflect only bone density or also other 
properties than density.
W hen QUS and BM D were m easured at the same site (i.e. calcaneus), significant 
correlations were found with correlation coefficients mostly between 0.6 and 0.8 
(range 0.44 to 0.91) [19,69-77]. However, the correlations between QUS parameters 
at the calcaneus on the one hand and BM D measurements at the lumbar spine, hip or 
radius on the other are much poorer. The range of these correlation coefficients is 
quite large (0.26 to 0.74), but in most studies the correlation coefficients were 
between 0.4 and 0.6. [23,72-93].
Based on these data it can be concluded that results of QUS measurements at the 
calcaneus cannot be used for predicting BM D at the hip or spine. Furthermore, a 
recent study indicates that the current W HO criteria for the diagnosis of osteoporosis 
in postmenopausal women (based on BMD T-scores) cannot be applied to calcaneal 
QUS measurements [94]. It appears that different QUS devices have different 
optimum T-score thresholds for diagnosing osteoporosis and suitable ultrasound 
based T-score thresholds have yet to be defined.
5.2 Clinical studies of QUS and fractures
The poor correlations between QUS parameters and BMD do not preclude QUS from 
being a useful tool for fracture risk assessment. M any retrospective studies have 
reported that QUS parameters are lower among women with a previous history of 
fracture, than in women without fracture [75,95-100]. In men the same findings have 
been reported [101].
In a number of retrospective studies, the age-adjusted relative fracture risks per 
standard deviation (SD) reduction in a QUS parameter are reported [96,102-113]. 
The relative risk for vertebral fractures was between 1.5 and 3.5 per SD decrease in 
BUA [103-110] and between 1.6 and 5.2 per SD decrease in SOS 
[103,104,106,107,109,110]. The relative risk for hip fractures was between 1.4 and 
3.7 per SD decrease in BUA and between 1.6 and 2.7 per SD decrease in SOS 
[104,111,112].
5 Clinical application of QUS measurements
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The results of these retrospective studies have to be interpreted carefully since 
they may not provide an accurate assessment of the relationship between QUS 
parameters and fracture risk. This is particularly true when the QUS measurements 
are not performed shortly after the fracture has occurred. In that case, the effect of 
immobilization on QUS parameters might have influenced the QUS results. 
Prospective studies are to be preferred for studying fracture risk assessment with 
QUS.
To date several prospective studies have been published using calcaneal 
ultrasound measurements. Porter et al. [114] were the first to demonstrate 
prospectively that QUS parameters were associated with hip fractures, but the 
relative risk ratio was not reported in this study. In table 1, the relative risk ratios for 
hip and vertebral fractures are presented per standard deviation decrease of the 
measured ultrasound parameters in five prospective studies [115-119]. In four studies 
postmenopausal women were measured, only one study focused on perimenopausal 
women [117], and in one other also men were m easured [119]. It is of note that the 
studies were perform ed with different calcaneal ultrasound devices [W alker Sonix 
575 [115-117] (no longer commercially available), Achilles [118] en Cuba clinical 
[119]]. In the two largest prospective studies, even after correction for femoral neck 
BM D, a low BUA was still associated with a significant increase in hip fracture risk 
(relative risk of 1.5 to 1.7 for each SD decrease of BUA) [115,118]. These data 
indicate that the ability to predict fractures in older postmenopausal women is equal 
for calcaneal QUS parameters and femoral neck BMD.
Table 1 Relative risk ratio for hip and vertebral fractures per standard deviation decrease of BUA and SOS, as reported in 5 
prospective studies.
Study Population
Mean follow-up 
time
Fracture type 
(n=number)
Ultrasound
parameter
Relative risk ratio
(95% Cl)
Bauer et al.[115]
6189 women,
65 years and older
2 years Hip (n=54) BUA 2.0 (1.5-2.7)
Hans et al. [118]
5662 women,
75 years and older
2 years Hip (n=115)
BUA
SOS
2.1 (1.7-2.6) 
1.9 (1.5-2.3)
Pluijmet al. [119]
578 women and 
132 men,
70 years and older
2.8 years Hip (n=30)
BUA
SOS
2.3 (1.5-3.7) 
1.8 (1.2-2.5)
Stewart et al.[117]
790 perimenopausal 
women 2 years Vertebral (n=19)
BUA 1.4 (1.2-2.4)
Huang et al. [116]
560 women,
55 years and older
2.7 years Vertebral (n=66) BUA 1.5 (1.1-2.2)
95% Cl = the 95% confidence interval 
BUA: broadband ultrasound attenuation 
SOS: speed of sound
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5.3.1 Serial QUS measurements in healthy individuals
W hen healthy individuals are monitored, measured changes in QUS parameters will 
depend upon age, the interval between measurements and the measurement error. 
Several cross-sectional studies and only a few longitudinal studies have been 
published examining changes in QUS parameters over time.
In cross-sectional studies, comprising both pre- and postmenopausal women, the 
mean annual decrease in velocity was reported to be 0.07% to 0.14% and the annual 
decrease in BUA 0.32% to 1.00% [70,120-123]. In a study restricted to 
postmenopausal women, the decrease in velocity was 1.3% and in BUA 0.4% [124]. 
BUA decreased with 2% per year in the first 5 years after menopause [125,126] and 
by 0.3 -0.4% in the years thereafter [125,126]. In males only one study is available. 
Van Daele et al. [124] reported a 0.4% yearly decrease in SOS and a 0.1% decrease 
in BUA in males between 55 and 93 years of age.
In longitudinal studies in postmenopausal women a significant decrease in SOS 
(0.3 to 2.1% per year) but no significant decrease of BUA was reported [127-129]. 
The mean follow-up time in these studies was short (1 to 2 years). The reported 
changes for SOS were small when compared to the measurement error and less than 
27% of the subjects had a decrease of SOS greater than the measurement error 
threshold [127]. Also in a longitudinal study in men (with a mean age of 66 years) a 
significant decrease of SOS (1.9% per year) has been reported [127]. BUA did not 
significantly change over time.
QUS changes during aging cannot be assessed over short periods of time, 
especially when precision errors are accounted for. Serial QUS testing should not be 
performed at intervals of less than 1 year for SOS. For BUA longer time intervals 
may be necessary to detect a significant change. Incorporation of the precision error 
will prolong the time interval necessary to detect a significant change [130].
5.3.2 Serial QUS measurements in individuals treated with drugs affecting the 
skeleton
The optimal mode to evaluate the utility of monitoring treatment with QUS would be 
a controlled clinical trial, where the effect of treatment on QUS could be quantified 
and compared with a placebo-treated group. However, so far, serial QUS 
measurements in individuals treated with drugs affecting the skeleton are sparse and 
mainly reported in abstract format.
A positive and significant effect on BUA and SOS of estrogen replacement 
therapy for 2 years [131] and 4 years [132] in postmenopausal women, but also a
5.3 Monitoring skeletal changes with QUS
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significantly negative effect on BUA [133] have been reported. The response of 
calcaneal QUS parameters to bisphosphonate therapy for 2 years was positive and 
significant [134,135]. In one study a significant difference for SOS but not for BUA 
was reported in postmenopausal women with osteoporosis treated with salmon 
calcitonin for 2 years [136]. More data need to be collected before QUS can be 
advocated as a reliable method with regard to (treatment) follow-up.
5.3.3 The use o f QUS measurements for the evaluation o f skeletal status in 
children
Skeletal development continues throughout childhood and adolescence until skeletal 
maturity is reached. During this period there is an increase in size, strength and bone 
mass. The application of QUS for the assessment of the developing skeleton is 
attractive, since the technique is radiation free. At present, there are only a few 
published papers on QUS in children. BUA [137-139] and SOS [137,140] measured 
at the calcaneus were associated with age in boys and girls between 6 and 15 years. 
BUA and SOS were also reported to be related to height and weight [138,141,142]. 
Correlation coefficients between calcaneal QUS parameters and BMD at different 
skeletal sites in healthy children have been reported to range from  0.44 to 0.83 
[137,138,142]. QUS parameters were reported to discriminate between healthy 
children and those classified as osteopenic by DXA [137]. Calcaneal BUA was 
significantly reduced in mobility-impaired children with cerebral palsy [143].
A significant and positive correlation between patellar ultrasound transmission 
velocity and Tanner stages (a classification for pubertal status) was reported and 
velocity was higher in boys than in girls in the same Tanner stage [144]. No 
difference in calcaneal BUA between the Tanner stages was found, but the number 
of studied children was small [138]. At present, there are no further data regarding 
the relation of pubertal stage with calcaneal QUS parameters.
So far calcaneal QUS measurements were carried out with non-imaging QUS 
devices equipped with fixed transducers (i.e. CUBA [138,139] and Achilles [141]) 
not specifically developed for measurements in children. Therefore, location errors 
were likely to occur and these devices were modified prior to pediatric use.
QUS techniques are potentially useful for the assessment of skeletal status during 
growth. However, due to the sparse data and the lack of QUS devices specifically 
designed for use in a pediatric population, ultrasound measurements cannot be 
advised yet for routine clinical application in children.
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In this thesis several aspects o f QUS as a method for evaluation of skeletal status are 
studied. In chapters 2 and 3 the relation between mechanical properties of bovine 
trabecular bone, BMD as m easured with DXA, and the QUS parameter SOS is 
investigated in-vitro. The other studies described in this thesis are focused on 
calcaneal QUS measurements in-vivo. In chapters 4 and 5 the application of 
ultrasound imaging techniques is studied in healthy children and adults. In chapters 6 
and 7 the ultrasound parameters BUA and SOS are compared with BMD in healthy 
pre- and postmenopausal women and in hypogonadal males with Klinefelter’s 
syndrome. Chapter 8 contains the summary and conclusions of this thesis.
Chapter two
SOS is structure related, as evidenced by its dependence on the measuring direction 
in bone cubes. The ability of SOS to predict mechanical properties of trabecular bone 
specimen has been investigated by comparing the SOS measurements with the 
results of compression tests. At present it is possible to determine the specimen 
stiffness by microstructural finite element analysis (i^FEA) from  micro-computed 
tomography (^CT) reconstructions. In contrast to the results o f mechanical tests, 
only trabecular architecture plays a role in the determination of the elastic properties 
o f the specimen with ^FE A  simulation. W e hypothesized that there is a strong 
relation between SOS and the mechanical quality of trabecular bone architecture. To 
test this hypothesis, we compared the abilities o f BM D and SOS to predict Young’s 
modulus, as assessed by ^FEA from ^CT reconstructions.
Chapter three
W e hypothesized that the combination o f ^FEA and ultrasound could allow us to 
determine the mechanical qualities of both architecture and mineralized tissue 
separately. Since SOS estimates the elastic properties o f  bone at large and ^FEA 
captures the effects o f trabecular architecture only, the mechanical quality of the 
mineralized tissue could be assessed by ‘subtracting’ the elastic properties assessed 
by ^FEA from the elastic properties assessed by SOS.
Chapter four
So far, ultrasound parameters in children were assessed only with non-imaging 
methods. W hen using a calcaneal ultrasound imaging device, it is possible to 
visualize the region of measurement. This may be helpful in children, since the size
6 Outline of this thesis
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of the calcaneus increases with age. Furthermore, there are no data in children 
concerning the influence of foot dimensions on BUA and SOS and data regarding the 
relationship between pubertal stages and calcaneal BUA and SOS are limited. The 
purpose of this study was to establish an age dependent reference range for BUA and 
SOS at the calcaneus in children and adolescents between 6 and 21 years using an 
imaging device and to determine the influence of body weight, height, foot 
dimensions and pubertal stage on QUS parameters.
Chapter five
At present there are no data regarding the influence of different region of interest 
(ROI) diameters and the application of different software techniques on the short­
term  precision error, annual rate of change, follow-up time required for measuring a 
true change for BUA and SOS, and the percentage of positioning errors (positioning 
of the ROI partly at the cortical edge or even partly beyond the calcaneus). We 
measured QUS parameters in healthy male and female subjects between 6 and 77 
years of age with a calcaneal ultrasound imaging device and applied ROI diameters 
(6 to 20 mm) and software techniques in order to determine the most appropriate 
ROI diameter and software technique for measuring prepubertal, pubertal/adolescent 
and adult subjects.
Chapter six
M odest correlations between QUS measurements at the calcaneus and BMD 
measurements at the spine or femoral neck in postmenopausal women have been 
reported. This may be explained by the fact that QUS and DXA are measured at 
different skeletal sites, but also by the fact that QUS measures other mechanical 
properties of bone than BMD. A decreased trabecular number and increased 
trabecular spacing have been reported in the calcaneus and distal radius in 
postmenopausal women with osteoporosis compared to premenopausal women. 
Since QUS parameters are structure related, the correlations between QUS 
parameters and BMD may be better for postmenopausal than for premenopausal 
women. Therefore we compared linear regressions of QUS parameters m easured at 
the calcaneus and BMD measured at the lumbar spine, total hip and femoral neck in 
premenopausal and in postmenopausal women. Furthermore, the predictive values of 
QUS for BMD defined osteoporosis in both groups were studied.
28 CHAPTER ONE
Chapter seven
Androgen deficiency in men leads to a significant decrease in BMD, which can be 
improved by testosterone supplementation. It is known that BMD may be decreased 
in men with androgen deficiency due to Klinefelter’s syndrome. Data regarding the 
effect o f androgen treatment on BMD in Klinefelter’ s syndrome are limited and 
contradictory, and no QUS data are available. The aim  of the study was to assess 
BMD and QUS parameters in KS patients after long-term  testosterone replacement 
therapy and to compare BMD with QUS measurements in this patient group.
Chapter eight
In this chapter the results o f this thesis are summarized and prospects for future 
investigations using quantitative ultrasound of bone are discussed.
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Abstract
We analyzed the ability of the quantitative ultrasound (QUS) parameter speed of 
sound (SOS), and bone mineral density (BMD), as measured by dual-energy X-ray 
absorptiometry (DXA) to predict Young’s modulus, as assessed by microstructural 
finite element analysis (^FEA) from microcomputed tomography (^CT) 
reconstructions. With ^FEA simulation, all bone elements in the model can be 
assigned the same isotropic Young’s modulus; therefore, in contrast to mechanical 
tests only the trabecular structure plays a role in the determination of the elastic 
properties of the specimen. SOS, BMD, and ^CT measurements were performed in 
15 cubes of pure trabecular bovine bone in three orthogonal directions: 
anteroposterior (AP); mediolateral (ML); and craniocaudal (CC). The anisotropy of 
the architecture was determined using mean intercept length (MIL) measurements. 
SOS, MIL and Young’s modulus (E) values were significantly different in all three 
directions (p<0.001), with the highest values in the CC direction. There was a strong 
linear relationship between E and SOS in each of the three orthogonal directions, 
with r2 being 0.88, 0.92 and 0.84 (all p<0.0001) for the CC, ML and AP directions, 
respectively. The relationship between E and BMD was less strong, with r2 being 
between 0.66 and 0.85 (all p<0.0001) in the different directions. There was also a 
significant, positive correlation between SOS and BMD in each of the three axes (r2 
being 0.81, 0.42 and 0.92 in the CC, ML, and AP direction, respectively; p<0.0001). 
After correction for BMD, the correlations between SOS and E in each of the three 
directions remained highly significant (r2 = 0.77, p<0.0001 for AP direction; r2 = 
0.48, p<0.001 for the CC directions; r2 = 0.52, p<0.005 for the ML direction). After 
correction for SOS, BMD remained significantly correlated with Young’s modulus 
in the AP and CC directions (r2 = 0.52, p<0.005 and r2 = 0.30, p<0.05, respectively), 
but the correlation in the ML direction was no longer statistically significant. In a 
stepwise regression model, E was best predicted by SOS in each of the orthogonal 
directions. These observations illustrate the ability of the SOS technique to assess the 
architectural mechanical quality of trabecular bone.
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Introduction
Osteoporosis is a skeletal disorder, characterized by a reduction of bone mineral 
density (BMD) that accompanies architectural deterioration [1]. At present, the 
clinical assessment of osteoporosis relies mainly on BMD measurements by dual­
energy X-ray absorptiometry (DXA) or quantitative computed tomography (QCT). 
Density is a commonly used predictor of cancellous bone stiffness [2-7]. However, 
cancellous bone stiffness is also dependent on the trabecular architecture [8-11] and 
the quality of the mineralized tissue [12,13].
Quantitative ultrasound (QUS) was developed as a tool for the assessment of 
cancellous bone mechanical quality [14]. Broadband ultrasound attenuation (BUA) 
and speed of sound (SOS) are the two most commonly used parameters. Because 
QUS parameters and BMD show independent associations with hip fracture risk, it is 
likely that QUS measures other qualities of bone as compared with BMD [15,16]. 
Postmortem specimen studies have shown that ultrasound velocity is structure 
related, as evidenced by its dependence on the measuring direction in bone cubes 
[7,17-20]. Furthermore, strong correlations between elastic moduli and ultimate 
strength on the one hand, and ultrasound velocity on the other, have been found in 
bovine [7,21,22] and human [17,18,21,23,24] trabecular bone samples.
Recently, high-re solution microcomputed tomography (^CT) reconstruction of 
trabecular bone was introduced. The ^CT system generates sequential microscopic 
optical images and allows a geometric reconstruction of the trabecular architecture of 
bone specimens by reconstructing the images in a three-dimensional matrix [25,26]. 
This represents the geometry of the trabecular architecture. The microarchitecture 
can be assessed accurately by ^CT when its resolution is around 20 |j.m [27]. 
Uchiyama et al. [28] showed significant correlations between ^CT assessed 
microarchitecture and conventional histomorphometry, using a spatial ^CT 
resolution of 26 ^m. The voxel matrix can be used as input for microstructural finite 
element analysis (^FEA) models. These ^FEA models can be used to simulate real 
mechanical tests and to evaluate the elastic properties of trabecular bone specimens 
[29].
In the results of mechanical tests, the effects of architectural qualities (which 
depend on morphometric parameters such as connectivity, trabecular number and 
width, and bone volume fraction) and of mineralized tissue qualities (which depend 
on degree of mineralization, lamellar arrangement, microcracks, and resorption 
lacunae) on specimen stiffness cannot be discriminated. However, with ^FEA 
simulation, all bone elements in the model can be assigned the same isotropic 
Young’s modulus, as it has been found that the tissue anisotropy has a negligible
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effect on the apparent Young’s moduli [30-32]. In this way, only the architecture 
plays a role in the determination of the specimen stiffness [29,33]. The association of 
QUS parameters with ^CT based morphometric parameters has been investigated 
previously [34,35], but not the association of QUS parameters with Young’s 
modulus as determined by the ^FEA model.
The objective of this study was to compare the abilities of BMD, as measured by 
DXA, and the QUS parameter SOS, to predict the Young’s modulus, as assessed by 
^FEA from ^CT reconstructions. For this purpose, BMD measurements were 
performed on bovine specimens, and, in addition, the SOS was measured in three 
directions. The specimens were ^CT-scanned, and Young’s moduli were determined 
in three directions with ^FEA.
Materials and methods
Sample preparation
Seven proximal and eight distal bovine femora were obtained freshly from a local 
butcher and kept frozen at -35° C until required for testing. After thawing, 15 cubes 
of pure trabecular bone measuring 25 x 25 x 25 mm were prepared using a high 
precision diamond saw. Care was taken to produce parallel surfaces. The edges of 
the samples were approximately in line with the anteroposterior (AP), mediolateral 
(ML), and craniocaudal (CC) axes of the bones from which they were obtained. 
Because defatting has no measurable effect on ultrasound velocity [36], bone marrow 
was not removed. During preparation the samples were kept moist. Prior to 
ultrasound measurements, the specimens were thoroughly degassed underwater in a 
vacuum desiccator, removing air bubbles trapped within the intertrabecular spaces. 
For BMD and ultrasound measurements, the whole cubes were used. For ^CT 
measurements, a cylindrical core with a diameter of 15.5 mm and a length of 25 mm 
was removed in the CC direction from each cube, using a high-precision drill. The 
AP and ML directions were marked on the cylinders with waterproof ink.
Ultrasound measurements
SOS measurements were conducted using the ultrasound bone imaging scanner 
UBIS 3000 (DMS, Montpellier, France). This system uses a pair of focused 
broadband 0.5 MHz transducers, 29 mm in diameter, mounted coaxially. The 
resolution at the focal zone is approximately 4-5 mm. A scan of 60 x 60 mm in steps 
of 1 mm is performed to obtain an image [37,38].
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The measurements were performed underwater at a stable temperature of 30° C. 
A solution for reducing air bubbles and foaming reactions in the water, delivered by 
the manufacturer, was added. The bone samples were placed in a Perspex holder for 
easy and accurate positioning. Each specimen was measured along the three 
orthogonal axes of the cubes and the measurements were repeated three times with 
interim repositioning. SOS was calculated using a circular region of interest with a 
diameter of 15 mm placed within the center of the sample. To avoid measurement 
artifacts at the edge of the sample, this was the largest diameter used for 
measurements of the whole specimen. For comparison with the small volume of 
interest used for determination of the ^CT parameters, a subregion with a diameter of 
7 mm was also analyzed. Because there was no significant difference between SOS 
in the 7 and 15 mm regions, only the latter results are reported in this paper.
BMD measurements
BMD measurements were performed in a water tank. The specimens were measured 
along the three orthogonal axes of the cubes, using the high-resolution scan mode of 
the Hologic QDR 1000 densitometer. The area of bone analyzed was the total area of 
the specimen (6.25 cm2). We also analyzed a subregion of 7 x 7 mm in the center of 
the sample, for optimal comparison with the volume of interest selected for 
determination of the ^CT parameters. There was no significant difference between 
BMD in the two regions, so only the total area BMD is reported in this study.
fiCT measurements and fiFEA simulation
For ^CT measurements, a ^CT 20 (Scanco Medical, Bassersdorf, Switzerland) was 
used. All samples were positioned in a cylindrical Perspex sample holder with a 15.5 
mm inner diameter. After a scout view, a total of 600 microtomographic slices with a 
resolution of 17 were acquired. Measurements were stored in three-dimensional- 
image arrays. For subsequent analysis, a volume of interest (VOI) of 6.8 x 6.8 x 6.8 
mm (400 x 400 x 400 voxels) was selected in the center of the specimen to avoid the 
influence of preparation artifacts at the surface. For optimal segmentation of bone 
and marrow, a thresholding optimization procedure was used before analyses of the 
bone samples. Morphometrical indices can be determined from the 
microtomographic reconstructions. The anisotropy of specimen architecture was 
determined using mean intercept length (MIL) measurements [39]. MIL determines 
the average distance between bone and marrow interfaces and is measured by tracing 
test lines in different directions in the VOI examined. From this measurement, a MIL 
tensor was calculated, giving the anisotropy in each of the three orthogonal 
directions. The bone voxels in the ^CT-based voxel matrix were converted to eight-
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node brick elements. But first, the number of voxels was reduced by grouping 4x4x4 
voxels; a new voxel was assumed to be bone if more than half of its original voxels 
represent bone. The finite element representation of the specimen was detailed 
enough to obtain accurate values for the stiffness characteristics [29,40]. All 
elements were assigned an arbitrarily chosen isotropic Young’s modulus of 1 GPa, as 
it has been found that tissue anisotropy has a negligible effect on the apparent 
Young’ s moduli [30-32]. These studies showed close agreement between the 
experimentally determined Young’s modulus and the Young’s modulus as calculated 
from microfinite element models.
The finite element models were subjected to six different mechanical tests (three 
compression tests and three shear tests), and the local strains in the architecture were 
determined. From the calculated strains the complete stiffness characteristics of the 
specimen were determined [33]. In this finite element model, only the architecture 
plays a role in the determination of the specimen stiffness, because all elements were 
assigned the same Young’s modulus [29,33].
Statistics
The data exhibited a normal distribution. Analysis of variance (ANOVA) with 
repeated measures was used to determine if any significant differences occurred 
among the three orthogonal directions. Simple linear regression was used to 
determine the associations between ultrasonic and densitometric parameters, on the 
one hand, and Young’ s moduli, on the other. Bonferroni’ s correction for multiple 
comparison procedures was used and two-tailed p<0.001 was taken as the level of 
significance. Partial correlation coefficients were calculated to adjust for multiple 
variables. Multiple stepwise regression was used to test whether combinations of 
parameters improved the predictive ability. Values for r2 refer to the adjusted 
coefficient of determination. Data are presented as mean ± SD.
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Results
SOS, BMD, MIL, and Young’s modulus in the orthogonal directions
The mean values (± SD) for SOS, BMD, MIL, and Young’s modulus (E) in the three 
orthogonal directions are reported in Table 1. SOS, MIL, and E values were, in all 
three directions, significantly different (p<0.001), with the highest values in the CC 
direction. BMD was not different in the three directions.
Table 1 Mean values (±SD) for speed of sound (SOS), bone mineral density 
(BMD), mean intercept length (MIL), and Young’s modulus (E) in the three 
orthogonal directions, anteroposterior (AP), mediolateral (ML), and 
craniocaudal (CC).
CC ML AP
SOS (m/s) 1976 ± 182*# 1740± 115* 1857 ± 163
BMD (g/cm2) 0.74 ± 0.15 0.74 ± 0.15 0.73 ± 0.14
MIL 0.70 ± 0.20*# 0.51 ± 0.13* 0.60 ± 0.13
E (MPa) 123.9 ± 43.3*# 7 4.7 ± 35.9* 97.7 ± 42.6
*p<0.001 versus AP direction, #p<0.001 versus ML direction
Relationship between SOS, BMD, MIL, and Young’s modulus in each orthogonal 
direction
Linear regression models were used to examine the relationship between Young’s 
moduli, on the one hand, and SOS, BMD, and MIL on the other. There was a strong 
relationship between Young’s modulus and SOS in each of the three orthogonal 
directions, with r2 being 0.88, 0.92, and 0.84 (all p<0.0001) for the CC, ML, and AP 
directions, respectively. The relationship between Young’s modulus and BMD was 
less strong, with r2 being between 0.66 and 0.85 (all p<0.0001) in the different 
directions. The regression equation for each orthogonal direction is given in Table 2. 
There was also a significant, positive correlation between SOS and BMD in each of 
the three axes (r2 being 0.81, 0.42, and 0.92 in the CC, ML, and AP directions, 
respectively; p<0.0001) (data not shown in Table 2).
Table 2 Summary of the linear regression equation and coefficient using speed of sound (SOS) and bone mineral density 
(BMD) as predictors for E in the three orthogonal directions.
Intercept Coefficient t-ratio, p value r2
CC direction
SOS -317.8 0.23 9.93, <0.0001 0.88
BMD -68.1 260.9 8.46, <0.0001 0.85
SOS and BMD -233.6 0.14 and 115.1 3.22 and 2.29, <0.01 and <0.05 0.92
ML direction
SOS -444.9 0.30 11.9, <0.0001 0.92
BMD -88.7 220.3 7.90, <0.0001 0.83
SOS and BMD -421.5 0.22 and 17.0 3.58 and 0.22, <0.01 and n.s. 0.92
AP direction
SOS -349.1 0.24 8.30, <0.0001 0.84
BMD -75.5 237.8 4.97, <0.0001 0.66
SOS and BMD -312.0 0.18 and 110.4 6.54 and 3.64, <0.001 and <0.01 0.92
AP, anteroposterior; CC. craniocaudal; ML, mediolateral; n.s., not significant
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Both SOS and BMD were independent predictors of Young’s modulus. After 
correction for BMD, the correlations between SOS and E in each of the three 
directions remained highly significant (r2 = 0.77, p<0.0001 for the AP direction; r2 =
0.48, p<0.001 for the CC direction; r2 = 0.52, p<0.005 for the ML direction). After 
correction for SOS, BMD remained significantly correlated with Young’s modulus 
in the AP and CC directions (r2 = 0.52, p<0.005; r2 = 0.30, p<0.05, respectively), but 
the correlation in the ML direction was no longer statistically significant. When 
using stepwise regression models, Young’s modulus was best predicted by SOS in 
each of the orthogonal directions. When using both SOS and BMD as predictors for 
Young’s modulus, r2 was improved by 0-0.08 when compared with SOS as single 
predictor (Table 2). In the ML direction, the addition of BMD to SOS did not 
improve the predictive value of Young’s modulus.
MIL
Figure 1 Relationship between MIL and SOS in three 
orthogonal directions for each individual bone cube. 
Circles: craniocaudal direction; squares: mediolateral 
direction; triangles: anteroposterior direction.
E 
(M
P
a)
ON
SOS (m/s) BMD (g/cm2)
Figure 2 Regression lines for Young’s modulus (E) as a function of SOS and BMD.
Circles: craniocaudal direction; squares: mediolateral direction; triangles: anteroposterior direction.
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SOS was significantly and negatively correlated with MIL in each orthogonal 
direction (CC: r2 = 0.67, p<0.001, ML: r2 = 0.37, p<0.001; AP: r2 = 0.47, p<0.001). 
Furthermore, we found significant correlations between SOS and MIL measured in 
the two directions perpendicular to SOS (SOS in CC direction with MIL in AP and 
ML directions: r2 = 0.71 and 0.65; SOS in ML direction with MIL in CC and AP 
directions: r2 = 0.72 and 0.63; SOS in AP direction with MIL in CC and ML 
directions: r2 = 0.60 and 0.51, respectively; all p<0.001). BMD was also significantly 
and negatively correlated with MIL in each of the three directions (CC: r2 = 0.74; 
ML: r2 = 0.49; AP: r2 = 0.70; all p<0.001). After correction for BMD, SOS was no 
longer significantly correlated with MIL. However, in all but one, we found a 
positive relationship between MIL and SOS when analyzing the three orthogonal 
directions in each individual bone specimen (Figure 1). In a multiple regression 
model, MIL did not contribute to the prediction of E in the models that included SOS 
or BMD or both SOS and BMD (data not shown).
When the data from the three different directions are combined into a linear 
regression model, the predictive value of SOS for Young’s modulus is better than 
that of BMD, with the r2 values being 89% and 60%, respectively (the regression 
lines are depicted in Figure 2).
Discussion
We observed a directional dependence of the ^FEA-estimated Young’s modulus, 
MIL, and SOS in trabecular bovine bone cubes. The mechanical properties of 
cancellous bone vary with direction as a consequence of adaptation to the applied 
load [41]. The highest values for Young’s modulus were found in the principal- 
weight-bearing CC direction. SOS also varied with direction, with values being 
highest in the CC direction. Other studies [7,17,20,35] also reported similar results.
In the present study, SOS accounted for 84% - 92% of the variance in ^FEA- 
estimated Young’s modulus in each of the three perpendicular directions, and for 
89% when the directions were pooled. In previous studies, the associations between 
stiffness and ultrasound velocity in human bone specimens were reported as r-values 
between 0.44 and 0.77, [17,18,23] and r2 values between 0.41 and 0.72 [21,24]. In 
the bovine model, r2 values between 0.79 and 0.83 have been reported [7,21]. In 
these studies, stiffness was assessed by mechanical testing and not by ^FEA. These 
studies differed also with respect to location and type of trabecular bone used 
(human calcaneal, lumbar spine or femoral neck bone samples [17,18,23,24], bovine 
femoral bone samples [7], or both human and bovine samples [21]), the preparation
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and size of the bone samples, and the ultrasound system used, so it is difficult to 
compare the results with our study. Nevertheless, it seems evident that the 
associations between SOS and stiffness, estimated by ^FEA in the present study, are 
stronger than the associations reported in the studies in which stiffness was assessed 
by mechanical testing.
The results of compression tests and those of the |jFE analyses show good 
agreement (r2 = 92%) [32], indicating that the FE approach can provide information 
similar to mechanical tests. However, in a number of studies, inaccuracies in 
compression test experiments and their possible consequences for the apparent 
mechanical properties measured have been reported [42-45]. It must be considered 
that the Young’s modulus can be underestimated by 20%-45% [43,44]. The 
application of ^FEA models to simulate compression tests can be used to reduce 
these errors [11]. This may explain the higher association between SOS and E in the 
present study. Furthermore, in the results of mechanical tests, the effects of 
architectural and mineralized-tissue qualities on specimen stiffness cannot be 
discriminated. With ^FEA, an effective tissue modulus is assigned to the mineralized 
tissue, so only the architecture plays a role in such analysis. This gives the 
opportunity to assess the relation between BMD and SOS on the one hand, and the 
architectural mechanical quality of these bone samples, on the other. The strong 
association between SOS and stiffness found in this study emphasizes the ability of 
SOS to assess the architectural mechanical quality of trabecular bone.
BMD accounted for 66%-85% of the variance in Young’s modulus in the three 
directions and for 60% when the directions were pooled. These associations are 
similar to those reported by others [6,7,17,18,21,23,24,46,47]. Because density is a 
scalar quantity, which cannot account for anisotropy, different relationships between 
Young’s modulus and SOS, on the one hand, and BMD, on the other, are bound to be 
found in the different directions. This also explains the weaker association between 
BMD and Young’s modulus when the directions were pooled.
Because SOS was significantly correlated with BMD, stepwise regression models 
were used to examine the relationship between Young’s modulus, on the one hand, 
and SOS and BMD, on the other. In these models, SOS was the strongest 
independent predictor of Young’ s modulus in each of the three directions, and the 
addition of BMD to SOS improved the prediction of the ^FEA estimated Young’s 
modulus by only 0%-8%.
Earlier, it was mentioned that ^FEA-estimated elastic properties assess 
exclusively the architectural mechanical quality of trabecular bone. The architectural 
quality includes both quantity (bone volume fraction) and spatial trabecular 
arrangement. Trabecular arrangement is expressed in morphometric scalar
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parameters such as connectivity, trabecular number, trabecular spacing, and 
trabecular thickness. In recent studies, modest correlations between these scalar 
parameters, as evaluated by magnetic resonance imaging [17], m-CT [34,35], and 
histomorphometry [48] and ultrasound velocity were reported. Furthermore, 
significance was lost after adjustment for density [17,35,48]. It seems inappropriate 
to correlate QUS with these scalar parameters for evaluation of the ability of SOS to 
explain trabecular arrangement, because these parameters do not discriminate 
between architectural arrangement and quantity of bone [49].
Directionality of trabecular architecture can be adequately quantified by MIL 
[8,11,49]. Because SOS is direction dependent, one would expect a significant 
correlation between SOS and MIL in each direction, which was the case in the 
present study. Remarkably, we found a negative correlation. Because MIL is not 
independent of density, as shown by its significantly negative correlation in each of 
the three directions in the present study, this influenced the relation between SOS 
and MIL. Indeed, after correction for BMD, SOS was no longer significantly 
correlated with MIL in each direction. However, when the three MILs of each 
individual bone specimen (thus with equal BMD) were analyzed, we found a positive 
relationship with SOS. This confirms the relation between directionality of trabecular 
architecture and SOS. In one study with bovine trabecular specimens, a positive 
correlation between ultrasound velocity and MIL was also reported, even after 
correction for BMD [34]. In a recent study no correlation was found between 
anisotropy, expressed in MIL ratios between different directions, and ultrasound 
velocity [17]. However, in the latter study, ultrasound waves with a higher frequency 
(1.25 MHz), and human specimens were used, in contrast to the study by Gluer et al. 
[34] and our study. Nevertheless, based on the correlations between SOS and MIL in 
the present study, we suggest that the SOS differences between the three directions 
can be explained at least partly by the sensitivity to the directionality of the 
trabecular structure.
Our study has some limitations. First, the sample size was limited. Second, we 
used bovine trabecular bone specimens, so the results cannot be extrapolated to 
human trabecular bone due to the differences with regard to trabecular spacing and 
thickness that could influence ultrasound wave propagation [50]. We used an 
ultrasound device, commonly used for patient studies and the data acquisition mode 
was comparable to the regular patient examination mode. However, this may not be 
an important limitation, because the ultrasound imaging technique enabled us to 
determine the exact measurement location in the samples and the focused transducers 
allowed for the measurement of small regions of interest. Hence, boundary artifacts
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were avoided as much as possible and more optimal comparison with the small ^CT 
volume-of-interest measurement could be carried out.
In conclusion, we demonstrated significant associations between SOS, on the one 
hand, and both density and trabecular orientation expressed as MIL, on the other, in 
bovine trabecular bone cubes. Furthermore, we demonstrated that SOS accounts for 
84%-92% of the variance in ^FEA-estimated Young’s moduli. SOS was the 
strongest independent predictor of stiffness in each of the three directions, and the 
addition of BMD to SOS improved the prediction of the ^FEA-estimated Young’s 
moduli by only 0%-8%. These observations illustrate the ability of the SOS 
technique to assess architectural mechanical quality of trabecular bone and also its 
potential for noninvasive clinical assessment of bone quality.
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Abstract
Osteoporosis is commonly assessed by bone quantity, using bone mineral density 
(BMD) measurements from dual energy X-ray absorptiometry (DXA). Such a 
measure, however, gives neither information about the integrity of the trabecular 
architecture nor about the mechanical properties of the constituting trabeculae. We 
investigated the feasibility of deriving the elastic modulus of the trabeculae (the 
tissue modulus) from computer simulation of mechanical testing by micro finite 
element analysis (i^FEA) in combination with measurements of ultrasound speed of 
sound (SOS) and BMD measurements.
This approach was tested on 15 post-mortem bovine bone cubes. The apparent 
elastic modulus of the specimens was estimated from SOS measurements in 
combination with BMD. Then the trabecular morphology was reconstructed using 
micro-computed tomography (^CT). From the reconstruction a mesh for i^FEA was 
derived, and which was used to simulate mechanical testing. The tissue modulus was 
found by correlating the apparent moduli of the specimens as assessed by ultrasound 
with the ones as determined with ^FEA. A mean tissue modulus of 4.5 GPa (SD 
0.69) was found. When adjusting the ^FEA-determined elastic moduli of the entire 
specimens with their calculated tissue modulus, an overall correlation of R2 = 96% 
with ultrasound-predicted values was obtained.
We conclude that the apparent elastic stiffness characteristics as determined from 
ultrasound correlate linearly with those determined from ^FEA. From both methods 
in combination, the elastic stiffness of the mineralized tissue can be determined as an 
estimator for mechanical tissue quality. This method can already be used for 
biopsies, and could potentially be applicable in-vivo as well, when clinical CT or 
MRI tools with adequate resolution reach the market. In this way mechanical bone 
quality could be estimated more accurately in clinical practice.
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Introduction
A main area in which biomechanical research and technology are of particular 
importance to osteoporosis is the assessment of bone strength. This is important for 
the diagnosis of osteoporosis, evaluation of fracture risk, prevention of fractures and 
management of fracture fixation. Most osteoporotic fractures occur in cancellous 
bone. It is known that cancellous bone strength is highly correlated with its elastic 
stiffness [1-9]. Hence, much research is devoted to estimating the stiffness properties 
of trabecular bone structures, which are easier to determine than strength. At any 
particular moment in time, bone strength and stiffness only depend on the 
mechanical properties of the bone tissue and on its spatial distribution, the 
‘architecture’ (Figure 1). Architecture is defined here as a quality to capture the 
distribution of bone tissue in space; hence, as a quality combining both the spatial 
arrangement of the trabeculae and the amount of bone mass. However, only bone 
density is commonly used clinically as an estimator for the mechanical properties of 
bone. Yet, although being highly significant, the correlation between strength or 
stiffness, and bone density is poor, leaving about 30-50% of unexplained variance 
[1,10,11]. At least part of the variation can be explained by taking the anisotropy of 
the specimens into account. Strong evidence for this are the much higher correlations 
between apparent density and stiffness when examined in only one loading direction 
[1,5,6,12,13]. Including a measure of the trabecular anisotropy increased the 
predictive value, but still unexplained variance remained up to 10-28% [14-17]. One 
possible reason for the remaining variance is that while bone density represents the 
amount of mineralized tissue in a trabecular architecture, it does not give an 
indication of its mechanical properties. Particularly the presence of micro-cracks or 
other deficiencies (Figuire 1), which are not detected by Dual Energy X-ray 
Absorptiometry (DXA) or other radiological measurements, may reduce the strength 
of cancellous bone much more than bone density suggests.
In recent years, new methods have emerged with the potential to estimate 
cancellous-bone stiffness in a more direct way. One of these is the quantitative 
ultrasound parameter speed of sound (SOS), which depends on both stiffness and 
density. By determining the SOS through a bone, using experimental ultrasound 
scanners, the elastic modulus of bone specimens can be assessed, at least by 
approximation [18,19]. Using clinical ultrasound scanners, good correlations were 
found between SOS and the combination of stiffness and apparent density [12,13], 
stiffness and the combination of SOS and BMD [20] or SOS and the combination of 
stiffness and BMD [21].
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Another new method involves computer simulation of mechanical testing with 
micro-finite element analysis (^FEA). For this purpose a graphics reconstruction of 
the trabecular architecture is made, using magnetic resonance imaging (MRI) or 
micro-computed tomography (^CT), which is transformed into a ^FEA mesh. In a 
computer simulation of mechanical testing the elastic (Young’s) moduli of the ^FEA 
mesh can be determined as the constants determining stiffness [3,22-25].
Figure 1 The elastic properties of a bone specimen (the ‘apparent elastic properties’) 
depend on the mechanical properties of the bone tissue and on its spatial distribution, 
the ‘architecture’. The elastic properties of the bone tissue depend, among others, on 
degree of mineralization, lamellar arrangement, micro cracks, resorption cavities, 
osteocyte lacunae, and collagen matrix.
While SOS estimates the apparent stiffness of the entire specimens, ^FEA 
captures the effects of trabecular architecture only. Hence, in theory, the elastic 
modulus of the mineralized tissue (the tissue modulus) could be assessed by 
combining both methods. We hypothesize that, in principle, the combination of 
^FEA and ultrasound could allow us to determine the contribution of both 
architecture and mineralized tissue to the apparent elastic modulus separately. The 
purpose of this study was to investigate this hypothesis in post-mortem bovine 
specimens.
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Methods
A brief overview of the methods used to determine the tissue elastic modulus is 
given in Figure 2. It will be explained in more detail below.
Figure 2 Overview of the methods used to determine the tissue elastic modulus. Using 
speed of sound (SOS) and bone mineral density (BMD) measurements the apparent stiffness 
of the trabecular bone specimens can be determined. Using an arbitrary tissue modulus the 
apparent stiffness of the specimens can be determined also with micro finite element 
analysis (juFEA), based on the ^CT-determined architecture. From the combination of both 
methods, the stiffness of the trabeculae (the tissue modulus) can be determined.
Specimens
We used fifteen trabecular bone cubes (25 x 25 x 25 mm3), cut from eight bovine 
femora. These femora were freshly obtained from a local butcher and kept frozen at 
minus 35°C until testing. Seven cubes were cut from the femoral neck and eight from 
the distal condyles [26]. Care was taken to produce parallel surfaces. The cubes were 
aligned according to the anatomical axes (anteroposterior, AP; mediolateral, ML;
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craniocaudal, CC). Bone marrow was not removed because it has no measurable 
effect on SOS [27].
Ultrasound measurement
Before the ultrasound measurements, the specimens were thoroughly degassed under 
water. Speed of sound (SOS) measurements were performed under water using the 
Ultrasound Bone Imaging Scanner 3000 (DMS, Montpellier, France). This system 
uses a pair of focused broadband 0.5 MHz transducers. The resolution at the focal 
zone is approximately 4 to 5 mm. The specimens were placed in a perspex holder for 
easy and accurate positioning. The configuration was such that longitudinal sound 
waves were propagated [13,28].
The apparent elastic properties of the entire trabecular bone specimens were 
determined from SOS. From the measured longitudinal velocity (viong), the bar 
velocity (vbar) was estimated based on the work of Njeh et al. [13], as 
Vbar = 1.055 ■ V bng -  1090 (m/s) (1)
The apparent Young’ s modulus (Eapp, SOS) was then calculated for each direction, 
using a well-known relationship for waves in elastic materials [28,29], as
E app,SOS =Papp V bar (Pa) (2)
where papp (kg/m3) is the apparent density of the specimen. The apparent density was 
calculated from the bone mineral density as assessed by DXA.
BMD measurement
Bone mineral density (BMD) measurements were performed in a water tank along 
the three orthogonal axes using the high-resolution scan mode of the Hologic QDR 
1000 densitometer. Two areas were scanned: the total area of 625 mm2, and a sub 
region of 49 mm2 for comparison with the volume of interest for which the 
architecture was determined using ^CT. No significant difference was found 
between the BMD in the two scanned regions, so only the total area BMD is 
reported.
The apparent density (papp) of the specimens was estimated from the strong 
relationship [6] (R2 = 0.98) between apparent density and ash density as
Papp = 1.79 ^  + 0 .0119 (g/cm3) (3)
in which d is the thickness of the specimens and BMD/d the ash density. 
pC T measurement
A cylindrical core, with a diameter of 15.5 mm and a length of 25 mm, was removed 
from each specimen in the CC direction. ^CT scans were made of the central part of
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this core, using the ^CT 20 (Scanco Medical, Bassersdorf, Switzerland), with a 
resolution of 17^ [30]. A sub-region of 6.8 x 6.8 x 6.8 mm3, representing the central 
part of the cube, was used for subsequent analysis, to avoid the influence of 
preparation artefacts. Individual global thresholds were applied to discriminate 
between bone and non-bone and to determine the volume fraction. The threshold of 
each specimen was determined using an adaptive method [31].
Micro finite element analyses
The i^CT-scans were converted to voxel meshes and coarsened by grouping 4x4x4 
voxels; a new voxel was assumed to be bone if more than half of its original voxels 
represent bone. The finite element representation of the specimen was detailed 
enough to obtain accurate values for the stiffness characteristics [25,32].
Each element was assigned the same mechanical properties, with an arbitrarily 
chosen tissue modulus (Etissue, FEA) of 1 GPa and a Poisson’s ratio of 0.3. It has been 
found that the tissue anisotropy has negligible effect on the apparent Young’s moduli 
[22,23,33], and since the analyses are linear elastic the results can be scaled to any 
isotropic tissue modulus with the same Poisson’ s ratio.
The finite-element models were used to calculate the apparent stiffness of the 
entire architecture (Eapp, FEA), using a direct mechanics approach. Six mechanical tests 
(three uniaxial strain deformations and three shear deformations) were simulated and 
the strains within the trabeculae were determined as a function of the apparent 
strains. From the calculated strains the complete stiffness matrix, built from 21 
independent constants, can be determined [24,34,35]. The Young’s moduli in each of 
the three measurement directions were calculated and used in further analyses. 
Because all elements were assigned the same tissue modulus, the finite element 
models used evaluate the effect of the architecture only.
The i^FEA based moduli of the specimen’s architecture were then compared to the 
ultrasound based moduli. The scaling factor between the two is the ‘effective tissue 
modulus’ Etissue. It was calculated, for each specimen separately, as [22]
1 3
E tissue, FEA ' 0 ^
3 i=l
E i, (app, SOS)
E i, (app, FEA)
(4)
where i = 1, 2, 3 represents the three measurement directions; Etissuei FEA is the tissue 
Young’s modulus used in the finite element analyses; Eapp, SOS the apparent Young’s 
modulus as estimated from SOS and Eapp, FEA the apparent Young’s modulus as 
estimated from the finite element model. The tissue modulus calculated using eq. 4 is 
uniform and isotropic throughout the specimen. This concept has been shown to be 
valid [3,22,23,25,33].
6 2 CHAPTER THREE
The descriptive statistics of measured speed of sound (SOS) and bone mineral 
density (BMD), calculated apparent densities, apparent and tissue Young’s moduli 
are summarized in Table 1. The measured SOS (viong) was significantly different 
(p<0.001) for the three directions. It was highest in the caudal-cranial direction, 
indicating that this is the stiffest direction.
Results
Table 1 Mean values, standard deviations and ranges for ultrasound velocity, 
bone mineral density, apparent density, the apparent Young’s moduli as 
determined from ultrasound, and the effective tissue modulus.
Mean SD Range
Vlong, AP (m/s) 1857 163 1532 - 2112
Vlong, ML (m/s) 1740 115 1575 - 1916
Vlong, CC (m/s) 1976 182 1621 - 2249
BMD (g/cm2) 0.736 0.148 0.540 - 0.987
Papp (kg/m3) 539 106 399 - 718
Eapp, sos, ap (MPa) 439 206 110 - 801
Eapp, SOS, ML (MPa) 324 161 130 - 623
Eapp, SOS, CC (MPa) 585 308 153 - 1147
Etissue (MPa) 4.482 0.693 3.307 - 5.744
As expected, no differences in BMD were found in the three orthogonal directions 
(0.73 ± 0.14 g/cm2, 0.74 ± 0.15 g/cm2 and 0.74 ± 0.15 g/cm2 in the AP, ML and CC 
directions, respectively). Therefore, the mean of the three BMD measurements of the 
whole area was used in the calculation of the apparent density (eq. 3). We found a 
mean apparent density of 539 kg/m3, with a standard deviation of 106 kg/m3. The 
apparent stiffnesses as determined from SOS and apparent density (eq. 2) were 439 
MPa, 324 MPa and 585 MPa, in the AP, ML and CC directions, respectively. These 
values were significantly different (p < 0.001) for the three directions.
Based on the ^CT reconstructions the finite-element models were created. The 
resulting models consisted of 150000 to 350000 elements. The volume fractions for 
the specimens ranged from 0.16 to 0.36.
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In all specimens the stiffest direction as determined from ^FEA equaled the 
direction of highest SOS. And in all but one specimen the other directions also 
matched. When the same isotropic tissue modulus (1 GPa) was assumed for all 
specimens, high correlations were found between SOS and ^FEA-determined 
Young’s moduli: R2 = 0.84 in AP-direction, 0.88 in CC-direction and 0.92 in ML- 
direction. When SOS was combined with BMD the correlation with ^FEA- 
determined Young’s moduli was 0.92 in each direction.
Mean values of 4.5 GPa (SD 0.69 GPa) were found for the tissue moduli (eq. 4). 
When the ^FEA-determined Young’s moduli were adjusted to the calculated tissue 
moduli, and correlated with the SOS-predicted values, an overall correlation of R2 =
0.96 was obtained (Figure 3).
Figure 3 The Young’s modulus as determined from 
ultrasound (Eapp) SOS) on the horizontal axis versus those 
as determined from the micro-finite element analysis 
(Eapp, FEA) on the vertical axis. A strong correlation was 
found between the two.
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We found a good correlation (R2 = 0.88 for the combined directions) between 
apparent Young’s moduli determined with ultrasound and those determined with 
I^FEA simulation of mechanical testing, when using an arbitrary, uniform tissue 
modulus of 1 GPa in the i^FEA simulations. The correlation improved to 96% after 
adjusting the i^FEA tissue moduli to the ultrasound results. This indicates that the 
tissue modulus is not the same for all specimens, but that the individual differences 
are not very large in this data set. The average value of 4.5 GPa we found for the 
tissue modulus is close to the average values of 5.3 to 7.6 GPa found when 
comparing ^FEA evaluation with laboratory testing of trabecular bone [3,22,23]. 
This implies that the method we propose for the assessment of tissue modulus is 
feasible in principle.
There are several reasons to assume that the relationship we used to derive the 
apparent stiffness of the specimens from SOS (eq. 1) can only be seen as a first 
estimate. First, no theory exists which fully explains the influence of bone tissue 
properties and architecture on ultrasound transmission through trabecular bone [36­
38], although strong correlations between SOS and stiffness have been found in-vitro 
for both bovine [12,13] and human trabecular bone [20,21,39,40], and even stronger 
correlations for the combined measures of SOS and BMD [20] or SOS and apparent 
density [12,13]. Second, because this relationship was derived from a range of 
reference materials not including bone. And third, because the SOS measured by 
Njeh et al [13], also measuring bovine specimens from identical locations, were 
significantly higher than we measured, indicating that different ultrasound scanners 
measure different SOS. This could also mean that eq. 1 is not valid in general, but 
dependent on the type of scanner. Therefore, we tested different relationships for eq. 
1 of the form vbar = viong -  C, with C a constant. We found that the calculated tissue 
modulus was strongly influenced by the value of C. However, the overall correlation 
between Young’s moduli as determined from ultrasound versus those determined 
from i^FEA hardly changed.
We used a ^CT routine to determine individual global thresholds for each 
specimen. It has been shown recently [41] that this routine underestimates volume 
fraction (vf) by 12.3% when vf is low (vf < 0.20) and that it overestimates vf by 7.2% 
when vf is high (vf > 0.30). We checked this with our specimens, and found a 
negative correlation (R2 = 0.69) between the tissue density (determined as ptissue = 
Papp/ vf) and vf. When we corrected vf for our specimens, there was no association 
anymore between ptissue and vf.
Discussion
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The method proposed was tested on post-mortem bovine specimens in this study, 
which is only a first step. Ultimately we want to determine the tissue modulus for 
estimating tissue quality in the clinical setting. Before that can be realized, a number 
of problems will have to be solved. First of all, a method is required to provide for 
reconstructions of trabecular architecture in-vivo. Developments in whole-body CT 
or pQCT resolution may provide that or, alternatively, MRI scanning methods. 
Second, more work will have to be done on ultrasound precision, as used clinically. 
Particularly disturbances by soft tissues must be corrected for.
We conclude that the elastic stiffness characteristics of bovine trabecular bone, as 
determined from ultrasound, agreed closely with those from ^FEA. From both 
methods in combination the elastic stiffness of the mineralized tissue can be 
determined as an estimator of mechanical tissue quality. This method can already be 
used for biopsies, and may eventually be applicable in-vivo. In this way bone tissue 
quality could be estimated clinically.
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Abstract
We investigated the quantitative ultrasound (QUS) parameters broadband ultrasound 
attenuation (BUA) and speed of sound (SOS) measured in the posterior part of the 
calcaneus at the region of interest (ROI) with the lowest attenuation, using an 
ultrasound imaging device (UBIS 3000) in 491 healthy Caucasian children and 
adolescents (262 girls, 229 boys) between 6 and 21 years old. The relation of age, 
body weight, height, foot dimensions and pubertal stage to BUA and SOS was 
assessed. BUA increased nonlinearly with age in boys and girls, r2 being 0.44 
(p<0.001) and 0.57 (p<0.001), respectively. SOS increased linearly with age in girls 
(r2 = 0.04, p<0.001). There was no significant increase in SOS in boys (r2 = 0.01, 
p>0.05). Heel width was significantly correlated with BUA (r = 0.20, p<0.005 in 
boys; r = 0.27, p<0.05 in girls) and with SOS (r = -0.19, p<0.005 in boys; r = -0.08, 
p<0.05 in girls). After downward adjustment of the ROI size according to foot length 
quartiles, significantly lower BUA and SOS values were found compared with those 
with the standard ROI size of 14 mm. After correction for heel width and adjustment 
of the ROI size based on foot length, BUA and SOS were significantly associated 
with age in boys (r2 = 0.36, p<0.001 and 0.06, p<0.05) and in girls (r2 = 0.53 and 
0.06, both p<0.001). Tanner stage was significantly correlated with BUA (r = 0.62, 
p<0.001 in boys; r = 0.73, p<0.001 in girls) but not with SOS. BUA but not SOS 
increased significantly with the number of years since menarche (p<0.001). In a 
multiple stepwise regression analysis in boys, age, weight and foot length were 
independent predictors for BUA, and age and foot length for SOS. In girls, age and 
weight were independent predictors for BUA and age was the only independent 
predictor for SOS. After correction for age, pubertal stages and heel width were no 
longer determinants for QUS parameters in either boys or girls. In conclusion, BUA 
increased significantly with age in both sexes. SOS increased with age in both boys 
and girls, but the increase was small and not statistically significant in boys. SOS, as 
measured with the UBIS 3000 device, may therefore not be appropriate to assess 
skeletal status in healthy children. Whether SOS and BUA are affected in children 
with skeletal disorders has yet to be determined. In boys, age, weight and foot length 
were independent predictors for BUA and age and foot length for SOS. In girls, age 
and weight were independent predictors for BUA and age was the only independent 
predictor for SOS. In our opinion, children with small feet should be measured with a 
smaller ROI diameter than those with larger feet.
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Introduction
There is a growing interest in the use of quantitative ultrasound (QUS) measurements 
as an alternative to radiation-based densitometry techniques for the noninvasive 
assessment of osteoporosis [1,2]. Since the late 1980s, a number of devices have 
been developed for QUS assessment at peripheral skeletal sites with little overlying 
soft tissue (e.g. phalanx, tibia or calcaneus). For measurements of the calcaneus 
broadband ultrasound attenuation (BUA) and velocity or speed of sound (SOS) are 
the two most commonly used QUS parameters [3].
Prospective studies have shown the value of calcaneal ultrasound measurements 
for the prediction of osteoporotic fractures in women [4,5], even after correction for 
bone mineral density (BMD) [6,7], which suggests that QUS reflects other properties 
of bone than density alone. In-vitro, there is indeed evidence that QUS parameters 
are not only density- but also structure-related [8,9]. In-vivo, there is a strong 
correlation between QUS parameters and BMD, when both are measured at the 
calcaneus [10,11]. However, correlations between QUS measurements at the 
calcaneus and BMD measurements at the spine or the femoral neck are only modest 
[12-14], which may be caused by the fact that different skeletal sites are compared.
In children, bone mass measurements are important for the assessment of adverse 
effects of (treatment of) disease on bone mass development and eventually peak bone 
mass. The application of QUS to the assessment of disorders of the developing 
skeleton is attractive, since the technique is radiation-free, and the devices used are 
more portable and less expensive than radiation-based equipment. At present, there 
are only a few published papers on QUS in children. Correlation coefficients 
between calcaneal QUS parameters on one hand and total body BMD, lumbar spine 
BMD, femoral neck BMD and heel BMD on the other have been reported to range 
from 0.44 to 0.83 in healthy children [15-17]. Furthermore, a relation between 
phalangeal or patellar SOS and age, height and body weight has been reported in 
boys and girls between 9 and 15 years and between 8 and 18 years old, respectively 
[18,19]. SOS [15,20] and BUA [15,16,21] measured at the calcaneus were also 
associated with age in boys and girls between 6 and 15 years.
To date, ultrasound parameters in children have been assessed with nonimaging 
methods. With the calcaneal ultrasound imaging device used in the present study, it 
is possible to visualize the region of measurement, which may be helpful in children, 
since the size of the calcaneus increases with age. The influence of the size of the 
measured region on BUA and SOS has not been studied. Furthermore, there are no 
data in children concerning the influence of foot dimensions on BUA and SOS
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scores, and data on the relationship between pubertal stages and calcaneal BUA and 
SOS are limited.
The purpose of the present study was first to establish an age-dependent reference 
range for BUA and SOS at the calcaneus in children and adolescents between 6 and 
21 years old using an imaging device and second to determine the influence of body 
weight, height, foot dimensions and pubertal stage on QUS parameters.
Subjects and methods
Subject selection and mode o f recruitment
A total of 569 Caucasian children and adolescents between 6 and 21 years old were 
invited to participate in this study. From them, 535 children and adolescents (94%) 
entered the study and were examined (285 girls, 250 boys). The participants were 
recruited from 5 primary schools and 7 secondary schools in the area of Nijmegen, 
The Netherlands. The Ethical Committee of the University Hospital Nijmegen 
approved the study protocol. Written informed consent was obtained from parents or 
from the children themselves when older than 16 years of age. Children who were 
treated with anticonvulsants or corticosteroids, or who were suffering from metabolic 
bone disease, diseases of the liver, kidneys or thyroid, cystic fibrosis or diabetes 
mellitus, were excluded from the study (n = 21). One boy with a calcaneal fracture in 
the past was also excluded.
Anthropometric parameters
Height was measured with a fixed stadiometer to the nearest millimeter. Weight was 
measured without shoes on a standard clinical balance. Heel width was measured in 
millimeters with a Vernier caliper, at the location 1 cm below the internal malleolus 
and 2.5 cm from the back of the heel. The length of the right foot was measured in 
centimeters, with a measuring tape in standing position. All measurements were 
performed twice, the mean result is reported. The coefficient of variation for heel 
width measurements was 0.30% and 0.34% and for foot length 0.07% and 0.08%, in 
boys and girls, respectively.
Pubertal status was determined with the Tanner scale and was evaluated by self­
assessment of breast development and pubic hair growth in girls and of genital 
development and pubic hair growth in boys as reported previously [22]. Children 
were given pictures and written descriptions and were asked to select the picture that 
most accurately reflected their appearance. When there was a discrepancy between 
the two values, the degree of breast development in girls and genital development in
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boys was emphasized for the determination of the Tanner stage. The Tanner stages 
ranged from 1 to 5, with stage 1 being no pubertal development and stage 5 being the 
adult stage.
Ultrasound measurements
QUS measurements were performed by two trained operators using the ultrasound 
bone-imaging scanner UBIS 3000 (DMS, Montpellier, France). The calcaneus was 
scanned in two directions using a pair of 0.5 MHz focused broadband transducers 
with a diameter of 25 mm, immersed in a waterbath at a temperature of 30 °C. The 
acoustic properties broadband ultrasound attenuation (BUA, dB/MHz, ‘raw data’ 
mode) and speed of sound (SOS, m/s) were assessed by ultrasound parametric 
imaging [23]. These ultrasound parameters were measured in a region of interest 
(ROI) with a diameter of 14 mm, defined as the circular region of lowest attenuation 
in the posterior tuberosity of the calcaneus using a computer algorithm for automatic 
detection of this region [23,24]. The calcaneus of each subject was measured three 
times with complete repositioning between the measurements. The root mean square 
coefficient of variation [25] for BUA was 3.37% and 2.95%, for SOS 0.32% and 
0.33% (boys and girls respectively).
BUA and SOS were normalized for heel width in both sexes. Normalized BUA 
(nBUA) was calculated as BUA divided by heel width and expressed as 
dB/MHz/cm. In the UBIS 3000 a standard heel width of 2.8 cm is used for SOS 
calculation according to the time of flight algorithm. This algorithm was described 
for waterbath systems previously [26,27]. Normalized SOS (nSOS) was calculated 
by including the measured heel width in the algorithm instead of a fixed width of 2.8 
cm.
Statistical Analysis
Pearson product moment correlation coefficients (r) were calculated to examine the 
relationship between the anthropometric parameters and the QUS parameters. Linear 
and polynomial regression models were used to determine the most appropriate 
regression equations for (adjusted) QUS parameters and age, the coefficients of 
determination are reported as r2. A p value of <0.05 was used as the level of 
significance. The reference data for BUA and SOS are expressed graphically as 
mean and 90% confidence interval. Differences in QUS parameters between Tanner 
stages and also menarchal status were analyzed with the Kruskal-Wallis one-way 
ANOVA by ranks test. For subsequent comparison between two Tanner stages, the
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Wilcoxon rank-sum test was used with a downward adjustment of the level of 
significance to 0.01. The analyses were carried out for boys and girls separately. 
Differences between QUS parameters before and after correction for foot dimensions 
or ROI size were assessed with the paired t-test. Multiple regression analysis was 
used to determine the association of the various factors with QUS parameters, 
adjusted r2 values are reported.
Results
Of the 535 children, 22 were excluded because of factors that could influence bone 
status. Seventeen children out of 63 between 6 and 8 years (12 boys aged 6 (n=8), 7 
(n=2) and 8 years (n=2); 5 girls aged 6 (n=3) and 8 years (n=2)) were excluded 
because the automatic ROI with lowest attenuation was located partly or completely 
outside the calcaneus. Five children refused to report their Tanner stage and were 
also excluded from the study. In total, 44 children were excluded; hence 491 children 
(229 boys, 262 girls) were evaluated. The numbers of children, body weights, heights 
and foot dimensions in the different age groups are shown in Table 1.
Regression coefficients o f QUS parameters as a function o f age
BUA increased significantly with age (Table 1). The best fit for boys and girls was 
obtained with a cubic regression (Figure 1). The regression coefficient for BUA as a 
function of age was statistically significant in both boys and girls, r2 being 0.44 
(p<0.001) and 0.57 (p<0.001), respectively. The yearly increase in BUA is more 
pronounced after age 12 years (3.2 dB/MHz/year) in boys and after age 10 years (3.1 
dB/MHz/year) in girls compared with the yearly increase at younger ages (1.6 and
1.3 dB/MHz/year for boys and girls, respectively).
SOS increased slightly with age in boys and girls (Table 1, Figure 1). The linear 
regression coefficient for SOS as a function of age was statistically significant in 
girls (r2 = 0.04, p<0.001), not in boys (r2 = 0.01, p > 0.05).
There were no significant differences for BUA and SOS between boys and girls, 
except in the age groups from 7 to 8, 8 to 9 and 9 to 10 years where BUA was higher 
in boys (all p<0.05) (Table 1).
Table 1 Mean values of weight, height, heel width, foot length, BUA and SOS (± SD) in the different age groups in boys.
Age (yr) Number of Weight Height Heel width Foot length BUA SOS
subjects (kg) (cm) (cm) (cm) (dB/MHz) (m/s)
Boys
6-7 9 24.0 ±3.0 121.8 ± 5.2 4.9 ±0.5 18.7 ± 1.0 46.6 ± 6.7 1524.0 ± 12.0
7-8 13 27.5 ±3.6 129.7 ±4.7 5.1 ±0.4 19.8 ± 1.1 51.2 ± 5.9* 1535.7 ±35.6
8-9 17 30.8 ±3.1 135.4 ±5.0 5.3 ±0.4 20.8 ± 1.5 46.8 ± 5.7* 1517.0 ± 16.2
9-10 15 33.9 ±5.1 141.9 ±7.2 5.5 ±0.4 21.9 ± 1.4 53.2 ± 9.6* 1525.9 ±20.3
10-11 16 37.8 ±8.5 146.9 ±7.5 5.6 ±0.5 22.3 ± 1.5 52.0 ± 10.0 1524.6 ±25.8
11-12 12 38.9 ±5.6 149.8 ±6.5 5.8 ±0.4 22.6 ± 1.8 52.3 ± 5.7 1516.6 ± 19.5
12-13 10 39.9 ±7.1 153.2 ±8.3 5.8 ±0.5 23.7 ± 1.8 56.3 ± 8.1 1524.5 ± 18.0
13-14 41 48.3 ±8.3 163.3 ±9.1 5.8 ±0.6 24.4 ± 1.4 60.8 ± 9.8 1529.0 ± 22.4
14-15 21 53.4 ±7.3 170.4 ±7.7 6.0 ±0.5 25.4 ± 1.5 62.5 ± 9.0 1523.9 ±27.3
15-16 28 64.0 ± 9.4 176.1 ±6.4 5.7 ±0.7 25.8 ± 1.3 66.1 ± 11.3 1531.1 ±35.9
16-17 19 67.9 ±9.8 181.3 ±6.3 5.8 ±0.9 26.4 ± 1.2 69.3 ± 11.6 1524.4 ± 28.0
17-18 15 65.6 ±7.8 179.9 ±6.7 5.7 ±0.7 26.1 ± 1.1 71.5 ± 13.5 1522.9 ±29.0
18-20a 13 70.4 ±8.1 180.1 ±7.1 5.8 ±0.8 26.0 ± 1.0 81.9 ± 16.7 1537.3 ±34.0
*p<0.05 versus girls.
aDue to the small number of male adolescents between 18 and 20 years of age, the age groups 18-19 and 19-20 were combined.
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Table 1 Mean values of weight, height, heel width, foot length, BUA and SOS (± SD) in the different age groups in girls.
Age (yr) Number of 
subjects
Weight
(kg)
Height
(cm)
Heel width 
(cm)
Foot length 
(cm)
BUA
(dB/MHz)
SOS
(m/s)
Girls
6-7 9 24.2 ± 3.3 122.0 ±3.7 4,7 ± 0.4 18.3 ±1.1 44.3 ± 4.4 1513.6 ± 12.8
7-8 15 28.6 ± 3.9 131.9 ± 5.9 5.0 ±0.5 19.8 ± 1.3 44.3 ± 5.3 1517.4 ± 18.4
8-9 15 32.5 ± 4.2 139.3 ±4.7 5.0 ±0.3 20.3 ± 1.1 42.8 ± 5.2 1520.7 ± 15.9
9-10 15 36.3 ± 5.8 145.2 ±5.9 5.2 ±0.3 21.0 ± 1.1 45.8 ± 6.7 1522.2 ±21.8
10-11 18 36.3 ± 5.8 145.2 ±6.0 5.5 ±0.6 22.1 ± 1.2 48.6 ± 7.1 1515.8 ± 15.4
11-12 16 43.7 ± 8.4 151.3 ±8.0 5.4 ±0.4 22.5 ±0.9 50.8 ± 7.7 1516.5 ±21.6
12-13 19 46.6 ± 8.9 157.5 ±7.4 5.4 ±0.6 23.4 ± 1.5 54.8 ± 8.8 1517.0 ±23.4
13-14 38 54.1 ± 11.9 163.7 ±6.8 5.6 ±0.4 23.8 ± 1.1 57.1 ± 11.8 1518.4 ±20.9
14-15 26 52.7 ± 7.9 165.7 ±7.2 5.6 ±0.4 23.5 ± 1.3 57.4 ± 9.2 1518.1 ± 18.4
15-16 20 57.7 ± 5.7 167.3 ±6.5 5.3 ±0.4 23.6 ± 1.1 64.8 ± 10.7 1524.0 ±21.0
16-17 15 60.0 ± 13.6 167.3 ±7.8 5.5 ±0.7 23.7 ± 1.6 64.2 ± 15.1 1527.5 ±27.7
17-18 15 58.9 ± 6.9 166.6 ±5.5 5.4 ±0.7 23.5 ± 1.2 70.3 ± 9.4 1530.0 ± 19.3
18-20a 26 62.6 ± 8.8 171.7 ±4.6 5.6 ±0.6 24.1 ± 1.0 75.1 ± 9.8 1534.6 ±27.0
20-21 15 68.9 ± 13.1 172.5 ±5.4 5.4 ±0.5 24.0 ± 1.1 76.7 ± 6.6 1527.1 ±20.7
aDue to the small number of male adolescents between 18 and 20 years of age, the age groups 18-19 and 19-20 were combined.
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Figure 1 Relation between age on the one hand and BUA (upper panels) and SOS (lower panels) on the other, for boys (left 
panels) and girls (right panels). The best fit for BUA was obtained with a cubic regression. For boys: Y = 33.4 + 3.2 x X - 0.25 x 
X2 -  0.01 x X3 (r2 = 0.44, p<0.001) and for girls: Y = 78.04 -10.61 x X + 0.97 x X2 -0.02 x X3 (r2 = 0.57, p<0.001), where Y is 
BUA and X is age. The best fit for SOS was obtained with a linear regression. For girls: Y = 1505.7 + 1.17 x X (r2 = 0.04, 
p<0.001) where Y is SOS and X is age. The regression coefficient was not statistically significant for boys.
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Adjustment o f ROI size based on foot length
We adjusted the ROI diameter size on the basis of foot length quartiles. Smaller ROI 
sizes were used in children with smaller feet. The foot length quartiles for boys were 
17.0 to 21.5, 21.6 to 24.1, 24.2 to 25.9 and 26.0 to 28.5 cm, and for girls were 16.5 to 
21.5, 21.6 to 23.0, 23.1 to 24.0 and 24.1 to 26.7 cm for the first to fourth quartile 
respectively. A circular ROI diameter of 8 mm was used for the children in the 
lowest foot length quartile, 10 mm for the children in the second, 12 mm for those in 
the third and 14 mm for children in the highest quartile. In children in the lower three 
quartiles, BUA and SOS values were significantly lower with the smaller ROIs, 
compared with the values of the original measurement with a ROI diameter of 14 
mm (p<0.001 for all comparisons, data not shown). We evaluated BUA and SOS as a 
function of age, after adjustment of the ROI size based on foot length quartiles 
(BUA_ROI and SOS_ROI). The r2 values for BUA_ROI with age were 0.47 and 
0.58 (both p<0.001) and r2 values for SOS_ROI with age were 0.06 (p<0.05) and 
0.07 (p<0.001) in boys and girls, respectively (Table 3).
Regression coefficients o f QUS parameters as a function o f age after correction 
fo r  heel width
BUA was significantly and positively associated with heel width in both boys (r = 
0.20, p<0.005) and girls (r = 0.27, p<0.05). Therefore, we compared BUA with age 
after correction for heel width (nBUA). In the cubic regression model, there was a 
significant association between age and nBUA for both boys and girls (r2 = 0.28 and 
0.52 respectively, both p<0.001).
SOS was significantly and negatively correlated with heel width in boys (r = - 
0.19, p<0.005) and girls (r2 = -0.08, p<0.005). SOS corrected for heel width (nSOS) 
was significantly lower in both boys and girls than before correction. The mean 
difference was 7.3 ± 7.6 and 5.5 ± 6.4 m/s (both p<0.001) respectively. nSOS 
increased slightly with age in boys and girls. The linear regression coefficient for 
nSOS as a function of age was statistically significant in girls (r2 = 0.04, p<0.001), 
but not in boys.
Regression coefficients o f QUS parameters as a function o f age after correction 
for heel width and adjustment o f ROI size based on foot length
After correction for heel width and after adjustment of ROI size based on foot length 
as described above, nBUA_ROI and nSOS_ROI were significantly associated with 
age (r2 = 0.38, p<0.001 and 0.06, p<0.05 in boys and r2 = 0.53 and 0.06, both 
p<0.001 in girls, respectively). These data are presented in Figure 2 and Table 2.
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The coefficients of determination (r2) for the adjusted parameters were not 
significantly different compared with those for the unadjusted parameters except in 
boys for nBUA, where r2 was significantly lower for the adjusted BUA than for the 
unadjusted BUA (Table 3).
Table 2 Mean values (± SD) for BUA and SOS after 
correction for heel width and after adjustment of ROI size 
based on foot length quartiles (nBUA_ROI and 
nSOS_ROI) in the different age groups in boys and girls.
Age (yr) nBUA_ROI
(dB/MHz/cm)
nSOS_ROI
(m/s)
Boys
6-7 8.1 ± 1.1 1509.9 ± 7.8
7-8 9.3 ± 1.4 1514.9 ± 12.1
8-9 8.9 ± 1.5 1509.1 ± 9.1
9-10 9.6 ± 1.9 1513.3 ± 10.1
10-11 9.1 ± 1.5 1512.7 ± 12.6
11-12 9.1 ± 1.1 1510.0 ± 9.6
12-13 9.1 ± 1.1 1511.1 ± 7.1
13-14 10.5 ± 1.3 1515.6 ± 11.1
14-15 10.9 ± 1.6 1516.0 ± 9.6
15-16 11.6 ± 2.1 1517.2 ± 13.3
16-17 12.3 ± 2.4 1518.5 ± 11.6
17-18 14.1 ± 1.4 1519.5 ± 15.5
18-20a 14.9 ± 2.3 1521.8 ± 17.7
Girls
6-7 8.6 ± 1.1 1506.8 ± 6.7
7-8 8.3 ± 0.9 1509.0 ± 10.5
8-9 8.5 ± 1.2 1511.0 ± 8.8
9-10 8.8 ± 1.3 1511.9 ± 11.8
10-11 8.8 ± 1.5 1509.0 ± 7.8
11-12 9.2 ± 1.2 1509.6 ± 11.9
12-13 10.4 ± 1.9 1509.9 ± 12.2
13-14 10.2 ± 1.9 1510.8 ± 10.3
14-15 11.3 ± 1.7 1512.7 ± 8.4
15-16 12.7 ± 2.1 1514.2 ± 11.1
16-17 12.8 ± 1.9 1518.2 ± 16.0
17-18 13.5 ± 2.6 1520.3 ± 7.2
18-20a 14.4 ± 0.9 1525.9 ± 9.8
20-21 14.3 ± 1.6 1524.6 ± 13.5
aDue to the small number of male adolescents between 
18 and 20 years of age, the age groups 18-19 and 19-20 
were combined
00o
Table 3 The coefficients of determination (r2) for the unadjusted and adjusted QUS parameters BUA and SOS with age in boys and 
girls.
BUA BUA_ROI nBUA nBUA_ROI SOS SOS_ROI nSOS nSOS_ROI
(dB/MHz) (dB/MHz) (dB/MHz/cm) (dB/MHz/cm) (m/s) (m/s) (m/s) (m/s)
Boys 0.44** 0.47** 0.28**# 0.38** 0.01NS 0.06* 0.04ns 0.06*
Girls 0.57** 0.58** 0.52** 0.53** 0.04** 0.07** 0.04** 0.06**
NS, not significant versus age, *p<0.05 versus age, ** p<0.001 versus age, # p<0.05 versus the unadjusted parameter.
BUA_ROI, SOS_ROI: BUA and SOS after adjustment of ROI size based on foot length quartiles. nBUA, nSOS: BUA and SOS 
after correction for heel width. nBUA_ROI, nSOS_ROI: BUA and SOS after correction for heel width and after adjustment of ROI 
size based on foot length quartiles.
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Figure 2 Upper: Relation between age and BUA after correction for heel width and after adjustment of ROI size based on foot length 
(nBUA_ROI) for boys (upper left panel) and girls (upper right panel). The best fit was obtained with a cubic regression. For boys: Y = 11.2 - 
0.6 x X + 0.04 x X2 + 0.002 x X3 (r2 = 0.38, p<0.001) and for girls: Y = 20.05 - 3.2 x X + 0.26 x X2 -  0.01 x X3 (r2 = 0.53, p<0.001), where Y 
is nBUA_ROI and X is age. Lower: Relation between age and after correction for heel width and after adjustment of ROI size based on foot 
length (nSOS_ROI) for boys (lower left panel) and girls (lower right panel). The best fit was obtained with a linear regression. For boys: Y = 
1504.2 + 0.82 x X (r2 = 0.06, p<0.05) and for girls: Y = 1503.8 + 0.67 x X (r2 = 0.06, p< 0.001) where Y is nSOS_ROI and X is age.
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BUA was significantly correlated with Tanner stage in both boys and girls (r = 0.62 
and 0.73 respectively, both p<0.001). There was no significant correlation between 
SOS and Tanner stage in either boys or girls. BUA was significantly higher in 
Tanner stages 1, 2 and 3 in boys than in girls (mean differences 8.8 ± 1.8; 8.3 ± 2.5; 
and 5.7 ± 2.1 dB/MHz, for the respective stages, all p<0.01). SOS was significantly 
higher in Tanner stages 2 and 4 in boys than in girls (mean difference 15.4 ± 5.7 and
9.7 ± 4.7 m/s respectively, both p<0.01).
To further address the relation between puberty and QUS parameters, we 
examined BUA and nBUA_ROI in the different Tanner stages (Figure 3). ANOVA 
revealed an overall significant increase in both BUA and nBUA_ROI with increasing 
Tanner stage in both sexes. BUA was significantly lower in Tanner stage 1 compared 
with all higher stages in both boys and girls (p<0.001). Furthermore, boys had a 
significantly higher BUA in Tanner stage 5 than in all lower stages (p<0.005). Girls 
had a significantly higher BUA in stage 3 than in the lower stages and in stage 5 
compared to in all previous stages (p<0.005). nBUA_ROI was significantly lower in 
stage 5 compared with all previous stages in both boys and girls (p<0.005).
One hundred and forty-two girls had experienced menarche. These girls had a 
significantly higher BUA and SOS compared with the premenarchal girls (all 
p<0.01). Girls of the same age who had experienced menarche had higher BUA 
values than girls who had not (p<0.01). Furthermore, ANOVA revealed a significant 
increase in BUA (p<0.001) but not SOS with the number of years after menarche. To 
determine whether age at menarche influenced BUA or SOS, an analysis was 
performed of the girls who had experienced menarche with adjustment for age. A 
later age at menarche was associated with a significantly lower BUA (r = -0.06, 
p<0.05). There was no significant association for SOS in this respect.
Relation between QUS parameters and height, weight, heel width, foo t length and 
Tanner stage after correction fo r  age
The best model to assess the associations between the various factors with BUA 
adjusted for age included the factors age, age2 and age3. In this model, BUA was 
associated with weight and foot length in boys (r = 0.14, p<0.01 and r = -0.15, 
p<0.05 respectively) and with weight, heel width, height, foot length and Tanner 
stage in girls (r = 0.42, 0.23, 0.21, -0.21 and 0.16 respectively, all p<0.001). After 
adjustment for age, SOS was associated with weight and foot length in boys (r = 0.20 
and -0.23 respectively, both p<0.001). SOS was not significantly associated with any 
of these factors in girls.
Relationship between QUS parameters and pubertal stage
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Multiple linear regression with stepwise selection was used to examine the 
additional contributions of the individual variables (weight, heel width, height, foot 
length and Tanner stage) to age in the variance of BUA and SOS as the dependent 
variable. For the Tanner stages, dummy variables were used in this model. In this 
model, BUA was best predicted by age, weight and foot length in boys (r2 = 0.47, 
p<0.0001). The inclusion of weight and foot length in the model improved r2 with
0.01 for both variables (p<0.001 and <0.05, respectively). In girls, BUA was best 
predicted by age and weight (r2 = 0.64, p<0.0001), weight improved r2 with 0.07 
(p<0.0001). SOS was best predicted by age and foot length in boys (r2 = 0.06, 
p<0.001), foot length improved r2 with 0.05 (p<0.001). In girls, age was the only 
independent predictor of SOS (r2 = 0.04, p<0.001). The Tanner stages did not 
contribute to the outcome of BUA and SOS, in either boys or in girls in the 
regression model.
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Figure 3 Mean (and 95% confidence interval) BUA (upper panels) and BUA after correction for heel width and 
after adjustment of ROI size based on foot length (nBUA_ROI) (lower panels) for the different Tanner stages in 
boys (left panels) and girls (right panels). * p<0.005 versus all previous stages.
RELATION OF QUS WITH AGE, ANTHROPOMETRY AND PUBERTAL STAGE 85
Discussion
We showed a nonlinear relation between BUA and age in both boys and girls. BUA 
measured in the region with the lowest attenuation increased mainly after the age of 
10 years in girls and of 12 years in boys. In earlier studies, a linear relationship 
between BUA and age was reported [15,16,21]. This is at variance with the nonlinear 
relationship we found in the present study. In the earlier studies, however, the age 
ranges studied were less complete and fewer children were included. Furthermore, 
measurements were performed with a nonimaging ultrasound device, so the 
measured region was probably not always located in the region with the lowest BUA.
In both boys and girls SOS increased with age in our study, but the increases were 
small and not statistically significant in boys. In the literature, different ultrasound 
devices have been used to study the relation between ultrasound velocity and age. 
Halaba et al. [19] reported an increase in amplitude-dependent speed of sound in the 
phalanges with age, especially after the age of 11 years in girls and of 13 years in 
boys. Lappe et al. [18] described a linear increase in patellar apparent velocity of 
sound between 8 and 18 years. Both studies are difficult to compare with ours 
because of differences in measurement sites and ultrasound techniques used. The 
relation between age and calcaneal SOS was investigated in three studies. In line 
with our results, Schonau and coworkers [20], using a contact system, found a small 
increase in SOS in the age groups between 6 and 21 years. Jaworski et al. [15] 
reported a larger SOS increase between the ages of 6 and 13 years. In both studies, 
regression coefficients were not reported. Sundberg et al. [17], using a waterbath 
system, reported an increase of SOS between 11 and 16 years (r = 0.46 and 0.43 for 
boys and girls). The findings in the latter two studies are at variance with our SOS 
results, since we found only a marginal SOS increase with age, which was 
statistically significant only in girls. Difference in measurement techniques, 
especially the measurement in the region of lowest attenuation as used in the present 
study, may account for the difference between our results and those of Jaworski et al. 
[15] and Sundberg et al. [17].
An important factor in the interpretation of (calcaneal) QUS measurements is the 
location of the region of interest. Because of the heterogeneity of the calcaneus and 
the increase in bone size during growth, it is difficult to interpret changes in BUA 
and SOS in children. The imaging method enables visualization and manual 
adjustment of the size of the measured region with the lowest attenuation in the 
calcaneus. With this method, measurement location errors are less likely to occur 
than with nonimaging methods. Furthermore, measurement of the region with lowest 
attenuation may be an attractive approach during growth, because it allows for
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longitudinal evaluation of a uniform parameter. However, in small children care is 
necessary since we found the automatic region of interest located outside the 
calcaneus or on the edge of the calcaneus in 17 of 63 of the children between 6 and 8 
years, even after downward adjustment of the ROI size. This is caused by difficulties 
in the automatic determination of the region with lowest attenuation in the calcaneus 
in this young age group.
When measurements of BUA and SOS are performed in a circular region with a 
diameter of 14 mm (or larger), such a ROI is large relative to calcaneal size in young 
children. Hence, boundary effects are more likely to occur and may influence BUA 
and SOS results or may even make the results unreliable. After downward 
adjustment of the ROI size according to lower foot length quartiles, we found 
significantly lower BUA and SOS values. Furthermore, in both sexes regression 
coefficients between age and QUS parameters increased after adjustment of ROI size 
based on foot length quartiles, compared with the values obtained without adjustment 
of the ROI size (of 14 mm). With a ROI larger than 14 mm (as in some ultrasound 
devices), this effect may be even more pronounced. These results show that the ROI 
size indeed influences BUA and SOS outcomes. In our opinion, children with small 
foot dimensions should be measured with a ROI size smaller than routinely used in 
adults.
In the present study, we found a significant association between age and heel 
width in both sexes. Furthermore, we found significant positive correlations between 
heel width and BUA and significant negative correlations between heel width and 
SOS. In-vitro, BUA is dependent on bone thickness [28]. In adults the impact of heel 
width on BUA is relatively small [26,28,29]. In children, marked differences in heel 
width between the two sexes and between age groups are present and it is proposed 
that adjustment for heel width should be taken into consideration [28]. In the present 
study, after normalization for heel width the increase in BUA with age was still 
present but the coefficient of determination was significantly lower compared with 
the BUA without normalization. In the multiple regression analysis after correction 
for age, heel width did not contribute to the BUA outcome in boys or girls.
SOS measurements may be significantly influenced by heel width especially in 
systems using water as the coupling medium (as does the UBIS system) because a 
fixed heel width (of 2.8 cm in UBIS 3000 devices) is used for the calculation of SOS 
[30,31]. Indeed, after normalization for the measured heel width, the normalized 
SOS values were lower than the standard SOS values based on a fixed heel width of
2.8 cm. This is in agreement with previous reports [26,31]. After correcting the SOS 
algorithm for heel width, the relationship between SOS and age was only marginally 
influenced compared with the relationship SOS without normalization and age.
RELATION OF QUS WITH AGE, ANTHROPOMETRY AND PUBERTAL STAGE 87
Furthermore, in the multiple regression analysis after correction for age, heel width 
was not an independent predictor of SOS either in boys or girls. On the basis of these 
results, heel width is not an important determinant of the age-dependent increase in 
BUA and SOS in healthy children.
In our healthy children and adolescents, the impact of using QUS parameters after 
correction for heel width in combination with adjustment of ROI size based on foot 
length quartiles was of little importance, especially in girls. In boys, the age- 
dependent association of SOS became statistically significant after this adjustment, 
but the coefficient of determination was only marginally. However, in pathologic 
conditions the use of QUS parameters after correction for heel width and with 
adjustment of ROI size based on foot length quartiles might be attractive, as it 
corrects for extreme outliers in bone size.
We demonstrated a significant increase in BUA -  but not in SOS - with Tanner 
stages in both sexes. In Tanner stages 1 to 3 BUA was significantly higher in boys 
than in girls, as was SOS in stages 2 and 4. In one other study, a significant positive 
correlation between patellar ultrasound transmission velocity and Tanner stages was 
reported and velocity was higher in boys than in girls in the same Tanner stage [18]. 
In another study, no differences in calcaneal BUA between the Tanner stages was 
found, but the number of children studied was small [16]. In boys, after correction 
for age, BUA and SOS were significantly correlated with weight and foot length but 
not with Tanner stage. In girls, after correction for age, BUA was significantly 
correlated with height, weight, heel width, foot length and Tanner stage. 
Furthermore, girls with an early menarche had a higher BUA even after correction 
for age. However, in the multiple stepwise regression analysis, in both boys and girls 
age and weight were the strongest predictors of BUA and, after correction for age 
and weight, Tanner stage turned out not to be an independent determinant of BUA. 
These ultrasound data are partly in contrast with the BMD data reported by Boot and 
coworkers, who showed that not only age and weight but also Tanner stage were 
independent predictors of lumbar spine BMD in girls, whereas in boys Tanner stage 
was not a predictor of BMD [32]. The strong relationship between Tanner stages 
with age and weight in our study may account for the disappearance of the 
correlation between Tanner stages and BUA in the multiple regression analysis.
We demonstrated that in growing boys, foot length is an independent determinant 
for BUA as well as for SOS, with a contribution of 1 to 5% to BUA and SOS 
outcome. In adults, foot length had no additional effect on the QUS parameters 
although females and males were not analyzed separately [30]. The inverse 
relationship between foot length and both QUS parameters as found in our study may 
be explained by the size of the ROI relative to the foot length. The QUS
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measurement is performed in the region with lowest attenuation in the calcaneus. In 
children with large feet, the area of low attenuation within the calcaneus is probably 
larger relative to the measured ROI diameter (of 14 mm) than in children with 
smaller feet. In children with smaller feet, the measured ROI contains not only the 
region of lowest attenuation, but also a region with higher attenuation. Hence lower 
BUA and SOS values were measured in children with large feet compared with 
children with small feet.
The discrepancy between the large increase of BUA and the only modest increase 
in SOS during growth, even after adjustment for foot dimensions, is difficult to 
explain. A nonlinear relation between BUA and bone width has been reported [28], 
and if this is true, the increase in BUA with age may be smaller than actually 
measured. SOS is strongly associated with density [33,34]. This would imply that 
during childhood and adolescence density is stable or increases only modestly. 
However, areal BMD measured at the lumbar spine, total hip and femoral neck 
increases significantly in growing children [32,35,36], and significant correlations 
between calcaneal SOS and lumbar spine or femoral neck BMD have been reported 
in children [15-17]. On the other hand, a small increase in volumetric BMD during 
growth has been reported [37,38], and the small increase in SOS (after adjustment 
for foot dimensions) in boys and girls resembles the small increase in volumetric 
BMD during growth. Another explanation for the limited increase in SOS with age in 
our study may be that the SOS measurements by the UBIS device, which measures 
SOS in the region of lowest attenuation, are inaccurate in detecting SOS changes 
with age due to phase velocity alterations and abnormal wave propagation in low- 
density bone [39].
In conclusion, BUA increased significantly with age in both sexes. SOS increased 
with age in both boys and girls, but the increase was small and not statistically 
significant in boys. SOS as measured with the UBIS 3000 device may therefore not 
be appropriate to assess skeletal growth in healthy children. Whether SOS and BUA 
are affected in children with skeletal disorders has yet to be determined. Heel width 
was positively correlated with BUA and negatively correlated with SOS. After 
downward adjustment of the ROI size according to foot length quartiles, we found 
significantly lower BUA and SOS values. In both boys and girls, Tanner stage was 
significantly correlated with BUA but not with SOS. In boys age, weight and foot 
length were independent predictors for BUA and age and foot length for SOS. In 
girls, age and weight were independent predictors for BUA and age was the only 
independent predictor for SOS. In our opinion, children with small feet should be 
measured with a smaller ROI diameter than those with larger feet.
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Abstract
We measured the quantitative ultrasound (QUS) parameters namely broadband 
ultrasound attenuation (BUA) and speed of sound (SOS) at the calcaneus using an 
ultrasound imaging device (UBIS 3000) in 698 healthy Caucasian male and female 
subjects (110 prepubertal, 356 pubertal/adolescent and 210 adult) between 6 and 77 
years. The influence of different region of interest (ROI) diameters (6 to 20 mm) and 
software techniques (automatic (ROIaut), copied (ROIcop) and fixed co-ordinate 
(ROIfix) measurements) on annual rate of change, trend assessment interval (TAI, an 
estimate of the follow-up time required for measuring a true change), percentage of 
positioning errors (positioning of the ROI partly at the cortical edge or even partly 
beyond the calcaneus), and short-term precision error was studied.
When using ROI diameters increasing from 8 to 20 mm, the annual rate of change 
of BUA and SOS did not change in adults, but was higher in prepubertal subjects 
(when subjects with positioning errors were excluded) as well as in 
pubertal/adolescent subjects.
TAIs for BUA were shortest when using ROIaut with ROI diameters between 8 
and 14 mm (TAI between 1.2 and 1.5 years for prepubertal boys and 
pubertal/adolescent subjects, 2.4 years for prepubertal girls, 2.7 years for 
postmenopausal women, and 9 years in men and premenopausal women). TAIs for 
SOS were 4  years or more, except for postmenopausal women (2.1 years) and for 
prepubertal boys (3.2 years). Measurements with large ROI diameters, especially 
with fixed region co-ordinates, resulted in a high percentage of positioning errors and 
mostly in longer TAIs. Analysis of the short-term precision errors did not reveal 
these important differences between the various ROI diameters.
Our results indicate that calcaneal ultrasound imaging may be useful for 
measuring skeletal changes in healthy children, especially with BUA, and in 
postmenopausal women with BUA and SOS using an automatic measurement in the 
region of lowest attenuation. ROI diameters of 12 mm should be used in prepubertal 
subjects and of 14 mm in pubertal/adolescent and adult subjects.
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Introduction
Quantitative ultrasound (QUS) has been proposed for the evaluation of skeletal status 
in adults and in children as an alternative to radiation-based densitometry techniques 
[1-4]. Prospective studies have shown the value of calcaneal ultrasound 
measurements in the prediction of osteoporotic fractures [5-7]. In children, bone 
mass measurements are important for the assessment of adverse effects of bone 
status [8]. The application of QUS for the assessment of disorders of the 
(developing) skeleton is attractive, since the technique is radiation free, and the 
devices used are more portable and less expensive than radiation-based equipment.
At present there are several calcaneal ultrasound devices commercially available. 
Broadband ultrasound attenuation (BUA) and speed of sound (SOS) are the two most 
commonly used QUS parameters [9]. Most devices are equipped with fixed 
ultrasound transducers and the coupling medium is either water or an ultrasonic gel. 
More recently, calcaneal two-dimensional ultrasound imaging devices have become 
available [10-13]. Because of the heterogeneity of the calcaneus, QUS measurements 
may be influenced by the location and size of the region of interest. The imaging 
method enables an automatic measurement in the region of lowest attenuation in the 
posterior part of the calcaneus. With this method, measurement location errors are 
less likely to occur, than with non-imaging methods.
The ability to detect skeletal changes within a given time-interval is determined 
by the precision error of the technique and by the subject group specific biological 
range [14]. For clinical decision making, it is important to determine the magnitude 
of change required to be sure that the measured change is a true change, after taking 
into account the limitations of instrument performance. Recently, a change criterion 
was proposed, called the trend assessment margin (TAM), which was defined as 1.8 
times the precision error of a technique [14]. TAM can be considered as a criterion 
for true changes at a confidence level of 80% for a two-sided test. To aid clinical 
decision making, Gluer and co-workers have also introduced the term trend 
assessment interval (TAI) as an estimate of the follow-up time period, after which 
patients will demonstrate a change exceeding the change criterion TAM [14-16].
Precision errors and rates of changes of measured parameters vary with different 
genders, age groups and modes of treatment. It is therefore necessary to investigate 
different cohorts separately in order to determine the according appropriate follow- 
up time intervals. In the present study we measured healthy male and female subjects 
between 6 and 77 years of age, in order to determine precision error, annual rate of 
change and TAI using calcaneal ultrasound imaging with the application of different 
software techniques and different sizes of the region of interest.
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Subjects
A total o f 698 healthy Caucasian subjects (255 males and 443 females) between 6 
and 77 years of age was studied. The participants between 6 and 21 years were 
recruited from 5 primary, 7 secondary and 3 high schools. The subjects older than 21 
years were recruited by advertisements in local newspapers from the population in 
the area of Nijmegen, The Netherlands. The Ethical Committee of the University 
Hospital Nijmegen approved the study protocol. Written informed consent was 
obtained from the parents when the participants were younger than 18 years and 
from the subjects themselves when 18 years or older.
Pubertal status of the subjects between 6 and 21 years was determined with the 
Tanner scale and was obtained from self-assessment of breast development and 
pubic hair growth in girls and of genital development and pubic hair growth in boys 
as reported previously [17]. Subjects with Tanner stage I were classified as 
prepubertal. The boys in this group were between the ages of 6 and 12 years, the girls 
between 6 and 10 years. Subjects with Tanner stages II, III and IV were classified as 
pubertal, and those with stage V  as adolescent. In the group of pubertal/adolescent 
subjects the ages of the male subjects ranged between 13 and 21 years, and those of 
the female subjects between 11 and 21 years. Subjects older than 21 years were 
classified as adult. Women older than 21 years who were amenorrhoeic for at least 
12 months were classified as postmenopausal, all other women as premenopausal. 
Women with amenorrhea or menopause before age 45 were not included. Twenty- 
four subjects (14 females and 10 males) who were treated with anticonvulsants or 
corticosteroids, or who suffered from metabolic bone disease, diseases of the liver, 
kidneys or thyroid, cystic fibrosis or diabetes mellitus, were excluded from the study.
For evaluation of the data, the remaining 674 individuals were divided in three 
subgroups: prepubertal subjects (55 boys and 53 girls), pubertal/adolescent subjects 
(140 boys and 216 girls) and adult subjects (50 men, 110 premenopausal women and 
50 postmenopausal women). The number of subjects as a function of age is presented 
in Table 1.
Subjects and methods
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Table 1 The number of male and female subjects 
for each age group.
Age Male Female
(year) (number) (number)
6 1 5
7 6 11
8 8 15
9 13 16
10 15 20
11 12 14
12 13 23
13 35 46
14 19 28
15 19 21
16 17 17
17 15 15
18 9 13
19 9 18
20 4 12
21 - 25 7 13
26 - 30 7 14
31 - 35 8 24
36 - 40 7 22
41 - 45 6 21
46 - 50 8 25
51 - 55 4 19
56 - 60 1 7
61 - 65 2 10
Ultrasound measurements
QUS measurements were performed by two trained operators using the ultrasound 
bone-imaging scanner UBIS 3000 (DMS, Montpellier, France). The calcaneus of the 
right foot was scanned after immersion in a waterbath at 30° Celsius, in a two 
dimensional grid using a pair of 0.5 MHz focussed broadband transducers with a 
diameter of 25 mm. The size of the scan area was 60 x 60 mm. The acoustic 
properties broadband ultrasound attenuation (BUA, dB/MHz, ‘raw data’ mode, 
software version 3.00) and speed of sound (SOS, m/s) were assessed by ultrasound 
parametric imaging [11]. Parametric images of 60 x 60 pixels were obtained from the 
BUA values (i.e. pixel size 1 x 1 mm). The ultrasound parameters were averaged 
over a region of interest (ROI) with a diameter of 14 mm, defined as the circular 
region of lowest attenuation in the posterior tuberosity of the calcaneus. This ROI
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was automatically detected by an embedded computer algorithm [11,18]. The right 
calcaneus of each subject was measured three times with complete repositioning 
between the measurements, on the same day.
Adjustment o f size and location o f the region o f interest using different software 
techniques
The imaging facility of the equipment enabled selection of a specific ROI. After 
measurement of the ultrasound parameters in the automatically detected ROI as 
described above, we used the software module available on the ultrasound device to 
adjust the measured region according to the following protocol:
Manual adjustment of the diameter of the automatically determined ROI to 6, 8, 10,
12, 14, 16, 18 and 20 mm of each measurement per individual. The ultrasound 
parameters derived from this method are expressed as BUAaut and SOSaut, ‘aut’ 
denotes the automatic ROI.
Copying of the ROI of the first measurement to the second and third 
measurement, by super-imposing the first measurement image of the calcaneus to the 
second and third measurement image based on a correlation technique. For this 
method, ROI diameters of 6 to 20 mm were used. The ultrasound parameters derived 
from this method are expressed as BUAcop and SOScop, ‘cop’ denotes the copied 
ROI.
Using a fixed ROI co-ordinate position. For each matrix of 60 x 60 data 
acquisition points, a circular region located at fixed co-ordinates relative to the 
absolute origin on the X and Y axis was determined (26 mm on the X co-ordinate 
and 39 mm on the Y co-ordinate), thereby mimicking the approach of calcaneal 
ultrasound devices with fixed transducers. Again ROI diameters from 6 to 20 mm 
were used. The ultrasound parameters derived from this method are expressed as 
BUAfix and SOSfix, ‘fix’ denotes the fixed ROI.
Assessment o f ROI positioning errors for the different sizes and software 
techniques
With respect to the automatic and fixed software techniques, for all different ROI 
sizes, the measurement images were analyzed (by eye) by one investigator in order to 
detect the images where the ROI was located completely outside the calcaneus. 
Furthermore, it was determined whether there was a positioning error, i.e. 
positioning of the ROI partly at the cortical edge of the calcaneus or even partly 
beyond the calcaneus.
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Assessment o f short-term precision error, annual rate o f change and trend 
assessment interval
Short-term precision error
For each individual, the absolute precision error is defined by the standard deviation 
(SD) of the repeated measurements. The absolute precision error SDi is 
mathematically defined as:
X  ( X i j -  x i ) 2
SDi = 1M=-----------  (1)
where xij is the ultrasound parameter from the jth  measurement of the ith individual 
and xjthe mean of ni repeated measurements of that subject [15,16]. The average SD 
of a group of m individuals is not given by the arithmetic mean but rather by the 
root-mean-square average of the individual SD values [14-16]. Since the number of 
repeated measurements is identical (i.e. three) for all subjects the SD can be defined 
as:
X S D i2
SD = ------  (2)
The relative short-term precision error (PEst) used for each group was defined as the 
ratio of the pooled absolute precision error to the mean measurement of the group 
( x ), expressed on a percentage basis [14,16]:
T>T7 RMS SD * AA/97 i rl\PEst = — z—  x 100% (3)
The confidence intervals of SD for each subgroup were derived using transformation 
of the chi-squared distribution with the number of degrees of freedom (df) of each 
subgroup [15]. The formula of (1 - a) x 100% confidence interval is:
X 2 x SD, x 2 x SD (4)
1 -  a/2, df a/2, df
m
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Annual rate o f change
For each of the studied groups, the annual rate of change of the parameters BUA and 
SOS was calculated based on the annual slope b of BUA or SOS for that particular 
group using a linear regression analysis with the formula:
Y = a + bX (5)
where Y is BUA or SOS, a is the intercept and X is the age. The percentage annual 
rate of change was calculated as the annual rate of change divided by the mean value 
of BUA or SOS for the particular groups.
Trend assessment interval
The trend assessment interval (TAI) is an estimate of the follow-up time period, after 
which patients will demonstrate a change exceeding the change criterion TAM, 
defined as 1.8 times the precision error of a technique [14,16]. It is given by:
TAI = TAM / percentage annual parameter change
= 1.8 x PEst / percentage annual parameter change (6)
Statistical analysis
Differences between the mean BUA and SOS values for increasing ROI diameters 
with the different software techniques were analyzed with the repeated-measures 
design. This procedure provides analysis of variance when the same measurement is 
made several times on each subject or case. Differences in annual rate of change for 
BUA and SOS between the different subgroups were analyzed with the Wilcoxon 
rank-sum test. Differences in percentage location errors using different ROI sizes and 
techniques were analyzed with the McNemar test. A p-level less than 0.05 was 
considered as statistically significant. Statistical calculations were performed with 
SPSS software, version 9.0.
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Results
In 50 subjects (46%) between age 6 and 9 years, the BUA images of the calcaneus 
showed that the ROI of the standard automatic measurement (with a diameter of 14 
mm: ROIaut14) was located in the lower right or left corner of the image, hence 
completely outside the calcaneus or foot. Assessment of automatic ROI measurement 
was not possible in these subjects. In another 4 subjects (4%), movement artifacts 
were such, that the image was not suitable for interpretation of the results. These 54 
subjects were not included in the analysis of the effect of adjustment of size and 
location of the ROI as described below.
Mean value, annual rate o f change and short-term precision error 
The mean value, percentage annual rate of change and short-term precision error of 
BUA and SOS for the automatic software technique using ROI diameters between 6 
and 20 mm are given for prepubertal and pubertal/adolescent boys and girls and for 
pre- and postmenopausal women in Table 2. The results for men and the results of 
the copied and fixed ROI techniques are not shown in the table.
In all three subgroups (prepubertal, pubertal/adolescent and adult subjects) and 
for each of the three software techniques, there was an increase of the mean BUA 
and SOS with the increase of the ROI diameter, except for a decrease of BUA in 
prepubertal girls, when using a fixed ROI.
The annual rate of change of BUA and SOS was not the same for each of the 
three software techniques and there were also differences for the various ROI sizes. 
There was a decrease of the annual rate of change of BUA and SOS with larger ROI 
diameters in prepubertal boys and girls and for SOS this even resulted in an apparent 
annual loss of 0.05 to 0.07%, when a ROI diameter of 20 mm was used. The annual 
rate of change was significantly higher in prepubertal boys than in prepubertal girls 
with all three software techniques (p<0.01). In pubertal/adolescent boys and girls 
there was an increase of the annual rate of change for BUA when larger ROI 
diameters were used. In adults there was a lower annual decrease of BUA when 
larger ROI diameters were used, but the difference was not statistically significant.
The short-term precision error for BUA and SOS was in all groups lower with the 
automatic and copied ROI than with the fixed ROI. For all subjects between 6 and 21 
years (i.e. prepubertal and pubertal/adolescent boys and girls), the best CV for BUA 
was achieved with ROIaut14 (mean PEst = 3,48%), followed by ROIaut12 (mean 
PEst = 3,58%) and for SOS with ROIcop10, 12 and 14 (mean PEst = 0,31%). For all 
adults, the best CV for BUA was achieved with ROIaut10 (PEst = 2,41%), followed
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by ROIaut12 and ROIaut14 (PEst = 2,44 and 2,45% respectively) and for SOS with a 
copied or automatic ROI of 14 and 16 mm (PEst = 0,32%).
Trend assessment interval
The means and 95% confidence intervals of the TAIs using the three software 
techniques and using the different ROI diameters in prepubertal and 
pubertal/adolescent boys and girls are given for BUA in Figure 1. In pre- and 
postmenopausal women these results are shown for BUA in Figure 2. The TAIs for 
SOS and in men are not shown.
In boys and girls, the TAIs for BUA, assessed with the automatic and copied ROI 
were not significantly different ; the TAI for the fixed ROI was significantly longer 
especially in prepubertal boys and girls and in pubertal/adolescent girls. In the 
prepubertal boys, the shortest TAI was achieved with the ROIaut8 (mean TAI 1.2 
years), in prepubertal girls with ROIaut12 (mean TAI 2.4 years). In 
pubertal/adolescent boys there was a shorter TAI when using a larger ROI diameter, 
the shortest TAI was 1.1 years for ROIaut20. In pubertal/adolescent girls there was 
also a trend of shorter TAIs with larger ROIs. The shortest TAI was 1.2 years for 
ROIaut14.
In both boys and girls, the TAI for SOS was longer than for BUA. The shortest 
TAI for SOS was 3.2 years with ROIcop12 in prepubertal boys and 4.7 years with 
ROIaut6 in prepubertal girls. In pubertal/adolescent boys the shortest TAI was 11.3 
years with ROIaut14 and in pubertal/adolescent girls 4.3 years with ROIcop20.
In premenopausal women and adult men, the shortest TAI was 9.4 and 9.3 years 
for BUA and 5.6 and 7.3 years for SOS, respectively. For postmenopausal women 
the shortest TAI for BUA was 2,7 years with ROIaut12 and for SOS 2,1 years with 
ROIcop8.
Table 2 Mean, percentage annual rate of change (ann change) and short term precision error (PEst) of BUA and SOS, for the automatic 
measurement technique with a diameter of 6 to 20 mm in prepubertal (prepub) and pubertal/adolescent (pub/adol) boys and girls and in pre- and
postmenopausal women.
prepub
ROIaut boys 
pub/adol prepub pub/adol prepub
ROIaut
pub/adol
girls
prepub pub/adol pre
ROIaut women 
post pre post
ROI mean BUA (dB/MHz) mean SOS (m/s) mean BUA (dB/MHz) mean SOS (m/s) mean BUA (dB/MHz) mean SOS (m/s)
6 49.2 62.3 1511 1521 44.0 58.0 1511 1514 67.8 70.9 1510 1497
8 49.3 62.7 1513 1522 43.8 58.4 1513 1516 68.6 71.7 1512 1499
10 49.6 63.5 1515 1525 43.8 59.0 1514 1517 69.7 72.2 1514 1501
12 50.0 64.6 1517 1526 44.0 59.9 1516 1519 71.3 73.3 1515 1503
14 50.7 66.1 1520 1529 44.3 61.3 1518 1522 73.2 74.5 1517 1506
16 51.5 67.7 1524 1532 44.8 62.8 1521 1524 75.6 76.0 1520 1508
18 51.9 69.3 1527 1535 45.0 64.3 1524 1527 77.7 77.4 1522 1511
20 51.7 70.9 1533 1538 45.1 66.0 1527 1529 80.0 79.0 1526 1514
ann change BUA ann change SOS ann change BUA (%) ann change SOS (%) ann change BUA (%) ann change SOS (%)
6 5.53 4.23 .16 .05 2.85 4.49 .14 .12 -.44 -1.31 -.09 -.15
8 5.26 4.56 .16 .04 2.75 4.57 .13 .12 -.45 -1.30 -.09 -.15
10 4.90 4.87 .16 .03 2.78 4.63 .12 .12 -.46 -1.30 -.09 -.16
12 4.42 5.03 .15 .04 2.76 4.68 .12 .11 -.45 -1.31 -.09 -.16
14 3.79 5.25 .12 .05 2.58 4.72 .11 .12 -.42 -1.27 -.09 -.16
16 3.25 5.41 .09 .03 2.43 4.76 .08 .12 -.39 -1.23 -.09 -.16
18 3.09 5.44 .02 .04 2.35 4.74 .01 .12 -.35 -1.16 -.09 -.16
20 3.42 5.59 -.05 .02 2.55 4.69 -.07 .12 -.30 -1.11 -.09 -.15
PEst (%) BUA PEst (%) SOS PEst (%) BUA PEst (%) SOS PEst (%) BUA PEst (%) SOS
6 3.77 4.26 .42 .33 4.15 3.65 .37 .31 2.65 2.88 .35 .23
8 3.56 4.15 .42 .33 4.01 3.48 .35 .31 2.49 2.65 .33 .23
10 3.39 4.12 .42 .32 3.80 3.37 .35 .31 2.39 2.43 .33 .22
12 3.29 3.92 .40 .31 3.63 3.30 .35 .33 2.45 2.02 .42 .22
14 3.16 3.79 .39 .30 3.53 3.22 .35 .32 2.45 2.36 .32 .23
16 3.50 3.65 .39 .31 3.71 4.04 .37 .33 2.43 2.23 .31 .22
18 3.67 3.57 .40 .31 3.92 3.98 .38 .33 2.46 2.29 29 .22
20 3.78 3.48 .40 .31 4.11 3.92 .38 .32 2.60 2.25 .30 .25
ROIaut = automatic region of interest, BUA = broadband ultrasound attenuation, SOS = speed of sound
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Figure 1 Trend assessment intervals (TAI) of BUA on the Y-axis for each of the three ROI 
techniques with a diameter of 6 to 20 mm (X-axis), in prepubertal and pubertal/adolescent 
boys (upper panel) and girls (lower panel).
' '  = automatic measurement, ' '  = copied measurement, ' '  = fixed measurement.
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Figure 2 Trend assessment interval (TAI) of BUA on the Y-axis for each of the three ROI 
techniques with a diameter of 6 to 20 mm (X-axis), in premenopausal and postmenopausal 
women. ’ ’ = automatic measurement, ' '  = copied measurement, ' '  = fixed measurement.
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Positioning errors fo r  the different ROI sizes and software techniques 
The percentage of subjects with the circular region of interest located within the 
calcaneus (but not at the cortical edge), at the cortical edge and partly outside the 
calcaneus was evaluated for each of the diameters of the automatically and fixed 
ROI (Table 3). The results for the copied ROI were the same as for the automatic 
ROI and are not given in table 3. In prepubertal boys and girls, the automatic ROI 
was located within the calcaneus in 100% of the subjects, when using a diameter of 
12 mm or less, in pubertal/adolescent with a diameter of 14 mm or less and in the 
adults with a diameter of 16 mm or less.
The fixed ROI was located within the calcaneus in 82 to 96% of the subjects in the 
different subgroups using a diameter of 12 mm or less. For the remaining 4 to 18%, 
the use of a smaller diameter did not result in a location of the ROI within the 
calcaneus. For each diameter, the use of an automatic ROI resulted in a significantly 
higher percentage of measurements within the calcaneus than the use of a fixed ROI 
in both children and adults (p<0.01), except for the diameters of 16, 18 and 20 mm 
in prepubertal children, where there was no significant difference.
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The percentage of subjects with the ROI located at the cortical edge or beyond the 
calcaneal edge significantly increased with each enlargement of the ROI when 
measured with a ROIaut or ROIfix diameter larger than 12 mm in prepubertal and 
pubertal/adolescent subjects and a ROIaut or ROIfix diameter larger than 16 and 12 
mm respectively, in adult subjects (all p<0.05).
Annual rate o f change and TAI based on QUS measurements without ROI 
positioning errors
When analyzing the annual rate of change only in the subjects without ROI 
positioning errors, we found a significant increase in the annual rate of change of 
BUA with larger ROI diameters in prepubertal boys and girls (for BUA with 4.37% 
and 3.31% for ROIaut 8 mm, to 5.47% and 4.58% with ROIaut 20 mm in boys and 
girls, respectively). SOS did not increase significantly. This was in contrast with the 
analysis performed for all prepubertal subjects, regardless of positioning errors, as 
described above. The increase of the annual rate of change for BUA in 
pubertal/adolescent boys and girls and the lowering of the annual decrease of BUA 
in adults with larger ROI diameters was still present.
The shortest TAIs for BUA and SOS were achieved with ROI diameters that 
allowed for calcaneal measurements without positioning error, except for BUA in 
pubertal/adolescent boys and for SOS in pubertal/adolescent girls (achieved with the 
less accurate ROI diameter of 20 mm). The shortest TAIs based on measurements 
without positioning error in these pubertal/adolescent boys and girls was achieved 
with a ROIaut of 14 mm for BUA (TAI = 1.54 years) and ROIcop for SOS of 14 mm 
(TAI = 4.62 years), respectively. The shortest TAIs for all subgroups based on ROI 
diameters without positioning error are presented in Table 4.
Table 3 Percentage of subjects with the circular region of interest located within, partly at the edge, or partly beyond the edge of the calcaneus in 
prepubertal, pubertal/adolescent and adults subjects (right panel) using different ROI sizes.
Prepubertal subjects
Within At edge Beyond edge 
calcaneus calcaneus Calcaneus
Pubertal/adolescent subjects
Within At edge Beyond edge 
calcaneus calcaneus calcaneus
Within
calcaneus
Adult subjects
At edge 
calcaneus
Beyond edge 
calcaneus
KOIfixl 2 82.1 15.1 2.8 92.5 6.1 1.4 96.6 2.2 2.2
ROIfixl4 78.0 18.3 3.7 90.8 7.6 1.7 93.5 4.3 2.2
KOIfixl 6 52.0 37.8 10.2 87.4 10.1 2.5 87.0 6.5 6.5
KOIfixl 8 32.9 41.5 25.6 41.2 43.7 15.1 82.6 6.5 10.9
R01fix20 32.9 41.5 25.6 41.2 43.7 15.1 66.3 19.6 14.1
ROIautl2 100 0 0 100 0 0 100 0 0
ROIautl4 97.6 2.4 0 100 0 0 100 0 0
ROIautl6 48.8 51.2 0 99.1 0.9 0 100 0 0
ROIautl8 34.1 40.6 25.3 55.5 41.2 3.4 97.8 2.2 0
R01aut20 25.3 42.1 32.6 55.2 41.8 3.1 79.3 20.7 0
ROIaut = automatic region of interest, ROIfix = fixed region of interest
o
00
Table 4 The shortest trend assessment interval (TAI, years) achieved with the most optimal software technique and ROI 
diameter (mm) without positioning error, for BUA and SOS in prepubertal, pubertal/adolescent and adult subjects.
Prepubertal subjects
Boys Girls
Pubertal subjects
Boys Girls Men
Adult subjects
Premenopausal
women
Postmenopausal
women
BUA
TAI (years) 1.2 2.4 1.5 1.2 9.4 9.3 2.8
ROI (mm) Aut8 Autl2 Autl4 Autl4 Cop 16 AutlO Autl2
SOS
TAI (years) 3.2 4.7 11.3 4.6 5.6 7.3 2.1
ROI (mm) Cop 12 Aut6 Autl4 Cop 14 Cop 14 Cop 16 Cop8
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Discussion
The present study shows that variation of the diameter of the region of interest 
markedly influenced the results of BUA and SOS measurements, determined at the 
region of lowest attenuation of the calcaneus. In all gender and age groups studied 
and for all the software techniques used, mean BUA and SOS values significantly 
increased when using larger ROI diameters, except for BUA in prepubertal subjects 
when using a fixed ROI. Variation of region diameters also markedly influenced the 
annual rate of change of BUA and SOS in prepubertal and pubertal/adolescent, but 
not in adult subjects. In prepubertal boys and girls, the annual rate of change of BUA 
and SOS was lower when using larger ROI diameters. In contrast, in 
pubertal/adolescent subjects, the yearly increase of BUA was stronger with a larger 
ROI diameter.
In prepubertal children, the decrease in annual rate of change with larger ROI 
diameters appeared to be an artifact, caused by the high percentage of positioning 
errors obtained with the larger ROI diameters. Especially measuring partly outside 
the calcaneus, in the soft tissues, results in lower BUA and SOS values, and therefore 
in a lower annual increase with larger ROI diameters. Indeed, when analyzing the 
25.3% of the prepubertal subjects without positioning errors for ROI diameters up to 
20 mm, the annual rate of change did not decrease, but did increase with larger ROI 
diameters.
When using ROI diameters of more than 14 mm in pubertal/adolescent subjects, 
only a small proportion of the measurements was performed partly outside the 
calcaneus. However, in these subjects the ROI included the cortical edge in a high 
percentage of the measurements. When measurements are performed at the cortical 
edge, BUA and SOS results are higher. Since only a small proportion of the 
measurements was performed partly outside the calcaneus in this subgroup, it is 
understandable, that the overall effect is a higher annual increase when measuring 
with larger ROI diameters. As expected, when analyzing only the pubertal/adolescent 
subjects without positioning errors, we also found a higher annual rate of change 
when larger ROI diameters were used.
It has been shown ,that there is an important regional variation in trabecular bone 
structure in the posterior part of the calcaneus [19] Because of the heterogeneity of 
the calcaneus, QUS measurements are not only influenced by the location but also by 
the diameter of the region of measurement [18]. This explains why there still was an 
effect of the ROI diameter on the annual rate of change of BUA, even when the 
analyses were restricted to measurements without positioning errors. When using 
larger ROI diameters (> 14mm), not only changes in the region of lowest attenuation 
are measured but also changes in the surrounding area. The fact that the increase of
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the annual rate of change in prepubertal and pubertal/adolescent subjects when using 
larger ROI diameters is still present after correction for positioning errors indicates 
that in these growing subjects, the annual changes in the surrounding area are more 
prominent than in the smaller area of lowest attenuation itself.
In adults there were significantly less positioning errors when using larger ROI 
diameters than in prepubertal and pubertal/adolescent subjects and there was no 
significant difference in the annual rate of change for BUA and SOS between the 
ROI diameters.
It is difficult to compare precision errors of different QUS measurement 
techniques and devices. In most studies, relative precision errors are reported as the 
arithmetic mean of the coefficient of variation of repeated measurements of the 
individual subjects. However, the relative precision error depends on the measured 
parameters. In recent years, several methods have been proposed for standardizing 
precision errors [15,20,21]. In the present study, the pooled root mean squared short­
term precision error was used [14-16]. In each of the measured subgroups, the 
precision error of the fixed technique was higher than that of the automatic or copied 
technique, which is in line with previous studies [11,12,22,23].
The precision error of automatic measurements in prepubertal and 
pubertal/adolescent subjects was higher than in adult subjects, especially for BUA. 
This may be caused by the higher mean BUA in adults, resulting in a higher 
denominator in the calculation of the precision error. Furthermore, measurement 
errors due to rotation and improper positioning of the foot may be more prominent in 
children. The precision errors of the automatic measurements in adults in our study 
were higher than those in other studies with calcaneal imaging devices [11,12,23]. 
We calculated the pooled precision error based on all study participants and not on a 
small group of subjects as in earlier studies, which may have resulted in a higher 
precision error. Remarkably, both in children and in adults, short-term precision 
errors did not increase even when the ROI was located at the cortical edge or 
partially outside the calcaneus. Apparently the ultrasound technique allows for 
reproducible BUA and SOS measurements despite an inadequate measurement 
location.
We calculated the trend assessment interval as an estimate of the follow-up period 
required to detect a significant change in BUA or SOS. The trend assessment 
intervals for BUA were 1.2 to 1.5 years for prepubertal boys and pubertal/adolescent 
boys and girls, 2.4 for prepubertal girls and 2.8 years for postmenopausal women, 
with automatic measurements and ROI diameters between 8 and 14 mm. These trend 
assessment intervals indicate that BUA measurements obtained by calcaneal 
ultrasound imaging can be used for monitoring the skeletal status of these subjects. 
In adult men and premenopausal women, the trend assessment intervals were long
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(9.3 and 9.4 years, respectively) and therefore not useful in clinical practice. The 
trend assessment intervals for SOS were long in all subject groups (i.e. 4 years or 
more) and seem therefore not useful for follow-up in daily practice, except for 
postmenopausal women where TAI was 2.1 years.
The automatic ROI was located completely outside the calcaneus in 50 
prepubertal children (46%) between 6 and 9 years of age and these children were 
excluded from the analysis of the different ROI sizes and techniques in this study. 
The BUA and SOS values of these children were very low and even without an 
image, the results would have been interpreted as unreliable. Apparently, the 
automatic algorithm failed to detect a region of low attenuation within the calcaneus 
in these young children. The UBIS 3000 we used was not designed to measure 
children. The measurements in small children can possibly be optimized after 
calibration of the device.
In all other subjects, the automatic and copy technique enabled reliable 
measurement of BUA and SOS within the calcaneus when the ROI diameter was not 
too large (in adult subjects with a diameter of 16 mm or less, in 
prepubertal/adolescent subjects with a ROI diameter of 14 mm or less and in the 
prepubertal subjects with 12 mm or less).
In contrast, measurements with the fixed co-ordinate technique resulted in more 
measurement location errors. Even with small ROI diameters a considerable 
percentage of measurements was not located within the calcaneus in prepubertal, 
pubertal/adolescent and also in adult subjects. Manufacturers of QUS devices using a 
fixed ROI provide plates to be positioned beneath the foot in order to adapt the 
measured region within the foot, especially in children. The UBIS device we used in 
the present study is not primarily designed to measure with fixed co-ordinates and 
we did not use foot plates to improve positioning, so our results can not be 
extrapolated to devices equipped with fixed transducers. However, the results of the 
present study indicate, that location errors are likely to happen with fixed 
transducers, both in adults and in children, especially when a large transducer 
diameter is used. Furthermore, QUS parameters derived from the fixed measurement 
technique may result in a longer TAI as compared to measurements with the 
automatic and copy techniques. Only the TAI for BUA was short in children with the 
fixed method, but it was still longer than with the automatic method.
Based on the results of the present study we propose to use the automatic 
measurement technique with a ROI diameter of 12 mm for assessment of BUA in 
boys between the ages of 6 and 12 years and in girls between the ages of 6 and 10 
years. This was the largest ROI diameter without measurement errors in these 
subjects. Furthermore, using this ROI diameter the TAI for BUA was acceptable, 
with 1.4 years in boys and 2.4 years in girls, respectively. The automatic
112 CHAPTER FIVE
measurement technique with a ROI diameter of 14 mm can be used at the age of 13 
years or older in boys and of 11 years or older in girls. We believe it is appropriate 
not to change the ROI size after these ages since foot size only increases with 2 cm 
in boys and 1.5 cm in girls (instead of 6 cm in boys between 6 and 13 years and 4 cm 
in girls between 6 and 11 years) [24]. Furthermore the lowest TAIs for BUA were 
achieved in the pubertal/adolescent subjects with the automatic ROI of 14mm. In 
adults the ROI size of 14 mm may not result in the lowest TAIs, however the 
difference between the lowest TAI (achieved with a ROI of 12 mm) and the TAI 
achieved with a ROI of 14 mm is small and not statistically significant. Therefore, 
for follow-up it seems appropriate not to change the ROI size after 
puberty/adolescence.
An important limitation of the present study is its cross-sectional design. Ideally, 
precision errors and trend assessment intervals are derived from longitudinal studies. 
It is likely that the precision errors based on longitudinal measurements are higher 
than when based on measurements performed on the same day. In addition, annual 
changes of BUA and SOS may be different when derived from longitudinal 
measurements in the same subjects. Therefore, trend assessment intervals may be 
longer when calculated from longitudinal data.
In patients suffering from metabolic bone disease or treated with drugs 
influencing the skeleton, the annual rate of change of BUA or SOS may be different 
when compared to healthy subjects. The value of the imaging technique for follow- 
up of these patients has to be established using the same approach, preferably in a 
longitudinal study. In our opinion, the imaging technique may be useful for 
evaluation of children with diseases affecting the skeleton. Probably QUS parameters 
do not increase normally or even decrease in children with diseases affecting the 
skeleton as compared to healthy children, and that might be detected within 
relatively short follow-up periods.
In conclusion, calcaneal ultrasound imaging is useful for measuring skeletal 
changes in healthy children, especially with BUA, and in postmenopausal women 
with BUA and SOS, using an automatic measurement in the region of lowest 
attenuation. ROI diameters of 12 mm should be used in prepubertal subjects and of 
14 mm in pubertal/adolescent and adult subjects. Measurements performed with a 
larger ROI diameter, especially with fixed region co-ordinates, result in a 
significantly higher percentage of positioning errors and mostly in longer trend 
assessment intervals. Analysis of the precision errors did not reveal these differences 
between the various ROI diameters, hence calculation of precision errors has a 
limited role in determining the clinical usefulness and reliability of QUS 
measurements.
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Abstract
Background: Quantitative Ultrasound (QUS) has been claimed as an alternative 
technique for risk assessment of hip fractures associated with osteoporosis. However, 
reports concerning modest correlations between QUS parameters and DXA in 
women raise questions about the reliability of QUS technology to predict bone 
mineral density (BMD). Partially the lack of stronger correlations may be due to 
heterogeneity in bone architecture deterioration, which may be more pronounced in 
older than in younger women. Therefore, it was thought important to study QUS / 
DXA interrelationships in subgroups of premenopausal and postmenopausal women. 
M ethods: We studied 217 pre- and postmenopausal women between the age of 25 to 
75 years, who were referred for a BMD measurement because of osteoporosis in at 
least one family member either in the first or in the second degree. All women had a 
calcaneal QUS and a DXA measurement at the lumbar spine, total hip and femoral 
neck.
Results: The linear regression coefficients between the QUS parameters broadband 
ultrasound attenuation (BUA) and speed of sound (SOS) and DXA at the various 
sites in the group as a whole were 0.53 to 0.54 (p<0.0001). Significantly lower 
regression coefficients between BUA and DXA at the total hip and the femoral neck 
were found in premenopausal women (r = 0.31 and 0.38, p<0.0001) compared to 
postmenopausal women (r = 0.56 and 0.53, p<0.0001). For SOS there was no 
significant difference between the regression coefficients in the pre- and 
postmenopausal group. The overall prevalence of osteoporosis as assessed by DXA 
in the total group was 25% (6% in the pre- and 36% in the postmenopausal group). 
BUA failed to detect osteoporosis in all 5 premenopausal women but also in twenty 
out of fifty postmenopausal women with osteoporosis according to DXA 
measurements. SOS measurements were even worse in this respect.
Conclusions: Linear regression coefficients between calcaneal QUS parameters and 
DXA are only modest considering a group of 25 -  75 year old Dutch women. In the 
subgroup of premenopausal women correlations between BUA and BMD at the hip 
and femoral neck are worse compared to those in postmenopausal women. The 
predictive value of QUS parameters for BMD is limited, therefore it is not 
appropriate to use QUS as a surrogate for DXA.
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Introduction
Osteoporosis is a major cause of morbidity because of its association with fragility 
fractures. It is characterized by both low bone mass and deterioration of the bone 
micro-architecture. Osteoporosis is diagnosed in terms of bone mineral density 
(BMD) as measured by dual energy x-ray absorptiometry (DXA) according to 
criteria formulated by the WHO [1]. A new technique to measure bone quality is 
quantitative ultrasound (QUS) [2-6]. Most of the commercially available ultrasound 
devices have been developed for measurements at the calcaneus, as this bone 
contains a high percentage of trabecular bone mimicking that of the spine and the hip 
[4,7]. For measurements of the calcaneus, the QUS parameters broadband ultrasound 
attenuation (BUA) and velocity or speed of sound (SOS) are the two most commonly 
used.
In large clinical studies, QUS measurements at the os calcis predicted hip 
fractures equally well as DXA measured at the spine or hip in elderly women [8-10]. 
However, this promising finding seems to be in contrast to earlier reported modest 
correlations between QUS measurements at the calcaneus and BMD measurements 
of the spine or the femoral neck in postmenopausal women (r = 0.37 to 0.68) [11-17]. 
Besides by the fact that QUS and DXA measurements were performed at different 
skeletal sites, this discrepancy may also be explained by the fact that QUS measures 
other mechanical properties of bone than BMD and in-vitro there is evidence, that 
QUS parameters are structure related [18-26].
Therefore, QUS and DXA may show different results due to differences in the 
assessment of mechanical properties of bone. In postmenopausal osteoporosis, there 
is not only a decrease of BMD, but also a deterioration of the trabecular architecture. 
A decrease of trabecular number and increased trabecular spacing has been reported 
in the calcaneus and distal radius of postmenopausal women with osteoporosis 
compared to postmenopausal women without osteoporosis and premenopausal 
women [27,28]. Therefore, when QUS parameters are structure related the 
correlations between QUS parameters and BMD may be worse for premenopausal 
compared to postmenopausal women. Remarkably, data concerning correlation 
coefficients between QUS parameters and DXA in premenopausal women as 
compared to postmenopausal women are sparse.
In the present study we compared linear regressions of QUS parameters and 
BMD measured at the lumbar spine, total hip and femoral neck in premenopausal 
and postmenopausal women. Moreover, we assessed the predictive values of QUS 
for BMD defined osteoporosis in both groups.
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Subjects and Methods 
Subjects
A total of 217 women aged 54±14 years (mean ± 1SD), range 25 -  75 years, was 
studied. In the premenopausal group there were 28 women between 25 and 35 years, 
34 between 35 and 45 years and 18 between 45 and 55 years. In the postmenopausal 
group, there were 36 women between 45 and 55 years, 46 between 55 and 65 years 
and 55 between 65 and 75 years. All subjects were referred for a DXA measurement 
by their general practitioner. The reason for their referral was the presence of 
osteoporosis in at least one family member either in the first or in the second degree. 
All subjects reported to be healthy without other conditions that could affect their 
bone and mineral metabolism. No elementary calcium, vitamin D analogues, 
glucocorticoids or bisphosphonates were taken. Women who were amenorrhoeic for 
at least 12 months were defined as postmenopausal, all other women as 
premenopausal. Based on these definitions, 80 women were premenopausal and 137 
postmenopausal. After informed consent was obtained a DXA measurement and a 
QUS measurement was performed in all participants. The study was approved by the 
Medical Ethical Committee of the Reinier de Graaf Groep in the Netherlands.
QUS measurements of the right heel were performed with a Sahara ultrasound 
device (Hologic Inc, Waltham, MA, USA). The acoustic properties broadband 
ultrasound attenuation (BUA, dB/MHz) and speed of sound (SOS, m/s) were 
assessed and calculated by the software provided by the manufacturer. Acoustic 
phantoms were scanned daily and the results showed no drift over the time period of 
the study. The same operator performed all measurements in order to minimize 
operator and technical intervariability. The heel of each patient was measured thrice 
with complete interim repositioning between the measurements. The calculated 
coefficient of variation (CV) for BUA measurements was 4.6% and for SOS 0.9%.
BMD was measured by DXA using a Lunar Expert-XL densitometer (Madison, 
WI, USA). Each subject was measured at the lumbar spine (L2-4), total hip and 
femoral neck. Calibration procedures were performed every day and after series of 
eight scans using appropriate phantoms provided by the manufacturer. The CV for 
BMD measurements was 1.3% at the lumbar spine and 1.6% at the total hip and 
femoral neck. Individual values of vertebral and femoral BMD were expressed in 
absolute values (g/cm2) and in T-scores based on the reference database delivered by 
Lunar Inc.
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Data and statistical analysis
WHO definitions of osteopenia (-2.5 SD < BMD T-score < -1.0 SD) and 
osteoporosis (BMD T-score < -2.5 SD) were used for the analysis. The absolute 
BMD values corresponding with T = -1.0 SD and -2.5 SD were obtained from the 
manufacturers database. These values were 1.080 and 0.900 g/cm2 at the lumbar 
spine, 0.887 and 0.707 g/cm2 at the total hip, and 0.878 and 0.698 g/cm2 at the 
femoral neck, respectively. Linear regression coefficients (r) between BUA, SOS and 
BMD were calculated and compared with covariance analysis. Discriminant analysis 
with leave-one-out cross validation was performed to calculate the pre-test sensitivity 
and specificity of BUA and SOS to diagnose or to rule out osteoporosis. With 
Receiver Operator Characteristics (ROC) analyses the optimal sensitivity and 
specificity for BUA and SOS were calculated. Differences between ROC curves 
were compared with the McNemar test. Cut-off values for BUA and SOS 
corresponding to either 90% sensitivity or 90% specificity were determined non- 
parametrically. The positive and negative predictive value of BUA and SOS to 
predict the chance of osteoporosis, based on a 0-100% osteoporosis prevalence range 
in the population were calculated using Bayes law.
Results
The demographic data of the 80 premenopausal and 137 postmenopausal women are 
presented in Table 1.
Table 1 Demographic data of 80 premenopausal and 137 postmenopausal women. Data 
are expressed as mean ± SD.
Premenopausal women 
(n=80)
Postmenopausal women 
(n=137)
Age (years) 39 ± 9 63 ± 8*
Weight (Kg) 67 ± 14 66 ± 10
BMI (kg/m2) 24 ± 4 5 ± 4
BUA (dB/MHz) 70 ± 15 61 ± 15*
SOS (m/s) 1553 ± 27 1534 ± 25*
BMD L2-4 (g/cm2) 1.20 ± 0.17 1.02 ± 0.19*
BMD femoral neck 0.97 ± 0.14 0.81 ± 0.15*
(g/cm2)
BMD total hip (g/cm2) 0.98 ± 0.15 0.84 ± 0.15*
*=p<0.001 versus premenopausal women (ANOVA).
120 CHAPTER SIX
The diagnosis osteopenia or osteoporosis was established when the WHO criteria 
were fulfilled at any site measured (lumbar spine, total hip and femoral neck). Of the 
total group of 217 women, 83 had osteopenia (38%) and 55 had osteoporosis (25%). 
Of the women with osteopenia, 23 were premenopausal (28%) and 60 
postmenopausal (72%). Of the women with osteoporosis, 5 were premenopausal 
(9%) and 50 postmenopausal (91%). Hence we found osteoporosis in 6% of 80 
premenopausal women and in 36% of the 137 postmenopausal women.
Linear regression coefficients between the QUS parameters BUA and SOS on the 
one hand and BMD on the other were not significantly different (Figure 1). For the 
whole group of women these were 0.53 at the lumbar spine and 0.54 at the total hip 
and femoral neck for both BUA and SOS (p<0.0001). In the subgroup of 
premenopausal women linear regression coefficients between BUA and BMD were
0.51 at the lumbar spine, 0.31 at the total hip and 0.38 at the femoral neck (all 
p<0.001). In the postmenopausal women the regression coefficients between BUA 
and BMD were 0.47, 0.56 and 0.53 for the lumbar spine, total hip and femoral neck 
respectively, all p<0.001 (Figure 1). There was no statistical significant difference 
between the regression coefficients of pre- and postmenopausal women at the lumbar 
spine. However, the regression coefficients between BUA and BMD at the total hip 
and femoral neck were significantly lower in the premenopausal group (p<0.01). The 
linear regression coefficients between SOS and BMD in premenopausal women were
0.56 at the lumbar spine, 0.42 at the total hip and 0.45 at the femoral neck (all 
p<0.001)). In postmenopausal women these regression coefficients were 0.47, 0.50 
and 0.45, respectively (all p<0.001). There was no statistically significant difference 
between the regression coefficients between SOS and BMD of pre- and 
postmenopausal women.
Postmenopausal women
BU A (dB/M Hz) BUA (dB/M Hz) BUA (dB/M Hz)
Figure 1 Regression coefficients between BUA (dB/MHz) on the X-axis and BMD (g/cm2) at the lumbar spine, total hip and 
femoral neck on the Y-axis in 80 premenopausal women (diamonds, upper panel) and 137 postmenopausal women (closed circles, 
lower panel). All regression coefficients were statistically significant (p<0.001).
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With ROC analysis, optimal cut-off values of BUA and SOS were calculated for 
osteoporosis, defined as BMD T-score < -2.5 SD at either the lumbar spine or the 
total hip or the femoral neck (corresponding with absolute BMD values of <0.900, 
<0.707 and <0.698 g/cm2, respectively). The sensitivity of BUA and SOS ranged 
between 70 and 79%, and the specificity between 69 and 79% (Table 2). There was 
no statistically significant difference between the ROC curves for BUA and SOS, 
neither for the single sites nor for three sites together.
Table 2 Sensitivity and specificity of BUA (dB/MHz) and SOS (m/s) based on optimal cut­
off values for the diagnosis of BMD-defined osteoporosis (T-score < -2.5 SD).
BUA SOS
BMD Cut-off Sensitivity Specificity Cut-off Sensitivity Specificity
(dB/MHz) (%) (%) (m/s) (%) (%)
Lumbar spine 57 70 73 1530 73 73
Total hip 54 79 78 1525 79 79
Femoral neck 57 71 73 1531 71 71
Combination 58 74 75 1533 70 69
Osteoporosis based on combination BMD is defined as a T-score < -2.5 SD at one or more 
of the measured skeletal sites (either lumbar spine or total hip or femoral neck).
The positive and negative predictive values of BUA and SOS to predict the chance 
of BMD defined osteoporosis, using optimal sensitivity and specificity values as a 
function of osteoporosis prevalence, are graphically demonstrated in Figure 2. In 
case of an osteoporosis prevalence of 25%, as found in the total group of 217 women 
in the current study, the positive predictive value of BUA was 54% and the negative 
predictive value 91%. For SOS these percentages were 43 and 95%, respectively. 
Nevertheless, all 5 premenopausal women with BMD defined osteoporosis were 
missed both with BUA and SOS. In any of the 75 premenopausal women without 
osteoporosis the prediction with both QUS parameters was truly negative, which 
corresponds with a positive predictive value of 0% and a negative predictive value of 
94%. Of the 50 postmenopausal women with osteoporosis, only 30 were detected 
with BUA (sensitivity: 60%) and 24 with SOS (sensitivity: 48%). Of 87 
postmenopausal women without osteoporosis, 74 were accurately diagnosed with 
BUA (specificity: 85%) and 79 with SOS (specificity: 91%). These results are 
presented in Table 3. The positive and negative predictive values for BUA were 70 
and 79%, for SOS both 75%.
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Figure 2 Positive and negative predictive values of quantitative 
ultrasound parameters (BUA and SOS) to predict BMD-dependent 
osteoporosis against a prevalence scale of 0-100 percent.
BUA (dB/MHz) 
SOS (m/s)
Osteoporosis prevalence (% )
Table 3 Number of premenopausal (upper panel) and 
postmenopausal (lower panel) women with a positive or negative 
BUA or SOS outcome for BMD defined osteoporosis based on 
optimal cut-off values for both ultrasound parameters.
Premenopausal women (n=80)
BUA SOS
+ - + -
BMD + 0 5 0 5
- 0 75 0 75
Postmenopausal women (n=: 137)
BUA SOS
+ - + -
BMD + 30 20 24 26
- 13 74 8 79
+ or - for BMD means the presence or absence of osteoporosis 
based on a T-score < -2.5 SD
+ or - for BUA and SOS means a value above or below the 
optimal cut-off value
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When assuming a pre-test sensitivity of 90% for the whole group (corresponding 
to a BUA cut-off value of 88.3 dB/MHz and a SOS cut-off value of 1583 m/s), 
specificity was only 53%. When assuming a pre-test specificity for the whole group 
of 90% (corresponding to a BUA cut-off value of 70 dB/MHz and a SOS cut-off 
value of 1546 m/s), sensitivity was only 44%.
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Discussion
The purpose of the current study was to compare regression coefficients between 
QUS parameters and BMD measured with DXA and to analyze the predictive values 
of QUS determinations for the diagnosis of osteoporosis. The study was performed 
in a selected group of 217 Dutch women with osteoporosis in the first or second 
degree and the analysis was focussed on the group as a whole as well as on 
subgroups of premenopausal and postmenopausal women. Studies as such are of 
importance since implementation of QUS technology may become a part of future 
clinical decision making. The equipment is of low cost and radiation free, which 
makes it attractive for use in daily clinical practice. Furthermore, its ability for 
independent prediction of hip fractures has been shown previously in large clinical 
prospective studies [8-10]. Those studies included only women of at least 65 years 
old, whereas fracture risk assessment studies with QUS in younger women are 
lacking. Since the outcome of BMD measurements is accepted by the WHO as gold 
standard for the diagnosis of osteoporosis, it is useful to compare QUS with BMD.
We found statistically significant but rather weak regression coefficients between 
the QUS parameters BUA and SOS on the one hand and DXA at the lumbar spine, 
total hip and femoral neck on the other. This is in agreement with earlier studies [11­
17]. These earlier studies were performed either in a group of postmenopausal 
women only or in a mixed group of pre- and postmenopausal women, but so far the 
relationship between the results obtained with both techniques was not separately 
assessed for the premenopausal group. In the present study, we found significantly 
lower linear regression coefficients between BUA and total hip and femoral neck 
BMD coefficients in premenopausal women, as compared to postmenopausal 
women. For SOS we did not find different regression coefficients between the pre- 
and postmenopausal groups.
The rather weak regression coefficients between QUS parameters and BMD may 
be due to differences in the measurement sites, bone geometry and the impact of soft 
tissue composition. In addition, there is substantial evidence from in-vitro studies, 
that QUS parameters are not only related to bone density, but also to the bone 
microarchitecture [18-26]. As QUS parameters and BMD show independent 
associations with fracture risk [8-10], it is likely that both techniques measure 
different properties related to bone strength. Hence moderate correlations between 
both techniques may be expected.
The correlations that were found between BUA and BMD at the total hip and 
femoral neck were significantly weaker in premenopausal than in postmenopausal 
women. Accelerated bone loss starts around menopause and in addition to a decrease
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in density, it is reported that bone structure is also deteriorated: a decrease of 
trabecular number and trabecular spacing in the calcaneus and distal radius is present 
in bone of osteoporotic postmenopausal women as compared to premenopausal and 
not osteoporotic postmenopausal women [27,28]. Furthermore, in-vitro there is 
evidence that SOS is linearly correlated with BMD, while the correlation of BUA 
and BMD is non-linear [29-32]. Based on the considerably weaker correlation 
coefficients between BUA and total hip and femoral neck BMD in premenopausal as 
compared to postmenopausal women, we speculate that BUA is relatively insensitive 
to detect low BMD when the microarchitecture is still intact. When bone loss 
proceeds, the lowering of BMD will eventually be accompanied with loss of 
trabeculae. It is likely that the correlation between BMD and QUS parameters is 
improved in this situation. The correlations between BUA and BMD at the lumbar 
spine are not different between the pre- and postmenopausal group, but BMD data of 
the lumbar spine should be interpreted with caution because of arthritic changes in 
later life. Lumbar spine BMD of elderly people may therefore be inaccurate [33,34], 
and this may influence the correlations with QUS.
In the present study, the positive and negative predictive values of BUA for BMD 
outcome were 54% and 91% respectively. For SOS these percentages were 43 and 
95%. Although these negative predictive values are high one must realize that, 
especially in the premenopausal group, osteoporosis prevalence is relatively low. 
Therefore, in our study there was a considerable number of false negative QUS 
results. BUA and SOS failed to detect BMD defined osteoporosis in all of 5 
premenopausal women and in 20 (for BUA) and 26 (for SOS) of 50 postmenopausal 
women. Referring to the earlier mentioned hypothesis we speculate that in these 
latter cases the microarchitecture was still intact despite extensive bone loss, which 
resulted in relatively high QUS values and low BMD outcomes. Based on these 
results it is not appropriate to use QUS parameters as predictors for BMD.
We found an osteoporosis prevalence of 6% in the premenopausal group and 36% 
in the postmenopausal group. Compared with previous population-based Dutch 
studies [35,36], osteoporosis prevalence is high particularly in the postmenopausal 
group. The present study however was not designed to analyze the prevalence of 
osteoporosis in the Netherlands. The main reason for referral was the familiar 
occurrence of osteoporosis either in the first or in the second degree. Therefore a 
substantial selection bias should be taken into account when comparing our data with 
those from population-based studies. We accepted such a selection bias for the 
present study, since it mimics daily practice in referral for a DXA measurement. The 
combination of these kinds of analyses and population-based prevalence studies are
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necessary to provide sufficient information to design diagnostic strategies in the near 
future.
QUS is not implemented in the diagnostic work-up of patients suspected of 
osteoporosis in the Netherlands [37,38]. Despite large clinical studies showing 
adequate risk assessment of hip fractures, there are valid arguments against 
implementation of QUS in daily practice. First, there are no strictly defined cross­
calibration procedures for the different devices available on the market. Furthermore, 
there is no uniform reference database and factors like ankle oedema and foot 
positioning influence the results and reproducibility of the measurements. Treatment 
follow-up is hampered by these factors [6]. The results of the current study add 
arguments against the use of QUS as an estimate for BMD on a routine basis. The 
technique itself is however promising for evaluation of bone quality and prospective 
studies are encouraged to further explore the value of QUS for fracture risk 
assessment.
In conclusion, linear regression coefficients between calcaneal QUS parameters 
and DXA are only modest considering a group of 25 -  75 year old Dutch women. In 
premenopausal women, correlations between BUA and BMD at the hip and femoral 
neck are worse compared to those in postmenopausal women. The predictive value 
of QUS parameters for the outcome of BMD is limited, therefore it is not appropriate 
to use QUS as a surrogate for DXA.
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Abstract
Klinefelter’s syndrome (KS) is a common sex chromosomal disorder associated with 
androgen deficiency and osteoporosis. Only few bone mineral density (BMD) and no 
quantitative ultrasound (QUS) data are available in these patients after long-term 
testosterone replacement therapy.
We examined in a cross-sectional study 52 chromatin positive KS patients aged 
39.1 ± 12.4 years (mean ± SD). Patients had been treated with oral or parenteral 
androgens for 9.2 ± 8.2 years (range 1 -  32 years). Areal BMD and bone mineral 
apparent density (BMAD, i.e. estimated volumetric BMD) at the lumbar spine, total 
hip and femoral neck were determined by dual-energy X-ray absorptiometry. BMD 
T-scores in the patient group were calculated based on three different North 
American reference databases. The QUS parameters broadband ultrasound 
attenuation (BUA) and speed of sound (SOS) were measured at the calcaneus using 
an ultrasound imaging device (UBIS 3000) and were compared with QUS results in a 
sex-, age- and height-matched control group. QUS T-scores were calculated based on 
the results of QUS measurements in 50 normal Dutch men between the ages of 20 
and 30 years. QUS and BMD results in the KS patient group were compared.
Overall, based on the three reference databases, 46% and 63% of the KS patients 
had a T-score between -1 and -2.5 and a further 10% and 14% had a T-score < -2.5 at 
the total hip and/or lumbar spine, as measured by areal BMD or BMAD, 
respectively. Thirty-nine % of the KS patients had a T-score between -2.5 and -1, 
while 2% had a T-score < -2.5 for BUA and/or SOS. BUA (77.7 ± 15.0 dB/MHz) 
and SOS (1518.8 ± 36.5 m/s) were significantly lower in the KS patients than in age- 
and height-matched controls (87.1 ± 17.8 dB/MHz, p<0.005, and 1536.5 ± 42.5 m/s, 
p<0.05). Correlation coefficients between the QUS parameters and areal BMD (0.28 
to 0.37) or BMAD (0.27 to 0.46) were modest. ROC analysis showed that 
discrimination of a BMD or BMAD T-score <-2.5 with either BUA or SOS was not 
statistically significant.
Although a limitation of our study is that direct comparison of BMD and QUS T- 
scores is not possible because in the control group in which QUS parameters were 
determined no BMD measurements were performed, we conclude that despite long­
term testosterone replacement therapy, a considerable percentage of patients with KS 
had a BMD T-score < -1 or even < -2.5, based on different North American reference 
databases. This percentage was even higher for BMAD. QUS parameters were also 
low in the KS patient group, when compared with Dutch control subjects. QUS 
parameters cannot be used to predict BMD or BMAD in KS patients.
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Introduction
Klinefelter’s syndrome (KS) is a common sex chromosomal disorder that affects 1 in 
500 males and results in impaired spermatogenesis and androgen deficiency [1]. 
Androgen deficiency in men leads to a significant decrease in bone mineral density 
(BMD) [2], which can be improved by testosterone supplementation [3-9]. Although 
it is known that BMD may be decreased in patients with KS, data on the effect of 
androgen treatment on BMD in KS are limited and contradictory [3,9-13].
In 1994 the World Health Organization (WHO) proposed that osteoporosis in 
Caucasian women would be defined as a BMD level more than 2.5 SD below the 
mean for young normal women. It was not possible at that time to define 
osteoporosis in men [14]. Recently several cut-off points for defining male 
osteoporosis were studied [15]. However, at present there is still no uniform 
definition for male osteoporosis.
Quantitative ultrasound (QUS) bone measurement is a promising, relatively new 
technique for the diagnosis of osteoporosis. Unlike the more established method of 
BMD measurement using dual energy X-ray absorptiometry (DXA), QUS does not 
use ionizing radiation. In both cross-sectional and prospective studies, QUS seems to 
be as good a predictor of osteoporotic fractures as BMD [16]. In prospective studies, 
QUS predicted fracture risk independently of BMD [17-19]. At present there is no 
uniform classification for the diagnosis of osteoporosis with QUS. For patients with 
KS there are no QUS data available.
The aims of the present study were 1) to assess BMD and QUS parameters in KS 
patients after long-term testosterone replacement therapy and 2) to compare BMD 
with QUS measurements in this patient group.
Subjects and methods 
Patients
Fifty-two chromatin positive KS patients aged 39.1 ± 12.4 years (mean ± SD) were 
studied. Patients were selected for this study from our total cohort of 64 KS patients. 
Selection criterion was treatment with testosterone substitution for at least 1 year. All 
participants provided informed consent. None of the patients used other medication 
known to affect the skeleton. Testosterone therapy was initiated at the age of 29.8 ± 
10.9 years. Before starting testosterone therapy, the mean serum testosterone level 
was 7.3 ± 3.8 nmol/l, mean serum LH was 18.5 ± 13.9 IU/l and mean serum FSH 
was 31.6 ± 14.8 IU/l. Forty-seven patients had subnormal testosterone levels at the
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start of therapy, the other 5 had low normal testosterone levels with elevated LH and 
FSH levels. Fourteen patients had started testosterone therapy before the age of 20 
years (mean age 17.1 ± 3.0 years, range 8.6 -  19.9 years), the remaining 38 patients 
started testosterone therapy after the age of 20 years (mean age 34.5 ± 8.8 years, 
range 21.9 -  56.7 years).
The mean treatment period was 9.2 ± 8.2 years (range 1 -  32 years). Nine patients 
were orally treated with testosterone undecanoate (Andriol®, Organon, Oss, The 
Netherlands) in a dose of 120 ± 43 mg/day, 24 with testosterone ester (Sustanon®, 
Organon, Oss, The Netherlands) intramuscularly in a dose of 224 ± 42 mg/3 weeks 
and 19 patients used oral and parenteral testosterone substitution in subsequent 
treatment periods (136 ± 41 mg/day and 215 ± 50 mg/3 weeks, respectively).
Measurement o f  BMD
BMD was measured by DXA using a Hologic QDR 1000 densitometer (Hologic, 
Waltham, MA). Each subject was measured at the left femoral neck, total hip and at 
the posterior anterior lumbar spine (L2-L4). Standard procedures supplied by the 
manufacturer for scanning and analysis were followed. Calibration with the 
manufacturer’s spine phantom and quality control analysis was performed daily. The 
long-term precision error in-vitro was 0.54% (phantom); short-term precision error 
in-vivo was 1.2% for the lumbar spine and 2% for the femoral neck [20].
BMD at the lumbar spine (LS-BMD), at the femoral neck (FN-BMD) and at the 
total hip (TH-BMD) was expressed in grams per square centimeter. We also 
estimated volumetric bone density, since areal BMD does not account for bone size 
[21-23]. The estimated volumetric bone density was expressed as bone mineral 
apparent density (BMAD, g/cm3) using the formulas
LS-BMAD = BMC / A3/2 
FN-BMAD and TH-BMAD = BMC / A2
where BMC is the bone mineral content and A is the projected bone area [24]. Bone 
density at each site was categorized into three groups according to WHO criteria as 
normal (T-score > -1, osteopenic (-2.5 < T-score < -1) or osteoporotic (T-score < - 
2.5), relative to the young normal means and SDs for men derived from three 
different North American databases: the Hologic QDR 1000 database for LS-BMD, 
FN-BMD and TH-BMD, the Third National Health and Nutritional Examination 
Survey (NHANES III) database for FN-BMD and TH-BMD [25], and the Rochester 
database (with the reference group 20-49 years) for all BMDs including BMADs
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[15]. All BMD measurements were performed within one-month time interval from 
the QUS measurements.
Measurement o f QUS parameters
QUS measurements were performed with the ultrasound bone-imaging scanner UBIS 
3000 (DMS, Montpellier, France) by scanning the calcaneus in two directions using 
a pair of 0.5 MHz focussed broadband transducers with a diameter of 25 mm, 
immersed in a water bath at 30 °C. The acoustic properties broadband ultrasound 
attenuation (BUA, dB/MHz) and speed of sound (SOS, m/s) were assessed. These 
ultrasound parameters were measured in a circular region (of 14 mm) of lowest 
attenuation in the posterior part of the calcaneus using a computer algorithm for 
automatic detection of this region [26-29]. Each patient was measured three times 
with complete interim repositioning between the measurements. The short-term 
precision error was 2.2% for BUA and 0.30% for SOS [20].
Mean and SD of BUA and SOS were calculated for the whole group in decibels 
per megahertz (dB/MHz) and meters per second (m/s) respectively. QUS parameters 
in KS patients were compared with those in an age and height matched control group 
of 52 normal men (case-control design). The control group was recruited from the 
population in the area of Nijmegen, The Netherlands, by advertisements in local 
newspapers. Furthermore, T-scores in the patient group were calculated based on the 
results of QUS measurements in 50 normal men between the age of 20 and 30 years 
also recruited from the population in the area of Nijmegen, The Netherlands. The 
data of 17 age- and height-matched controls were also used for calculations of T- 
scores. Mean and SD for BUA and SOS in the young normal group were 86.6 ± 17.2 
dB/MHz and 1539.7 ± 37.9 m/s, respectively.
Hormone measurements
An average of 6.5 ± 3.4 (range 1-15) serum testosterone and 5.2 ± 0.5 (range 1-14) 
serum LH and FSH samples were collected in each patient during regular follow-up 
visits in the outpatient clinic, over the mean treatment period of 9.2 ± 8.2 years. For 
each patient mean serum testosterone, LH and FSH were calculated.
Serum testosterone was measured by radioimmunoassay after a paper 
chromatographic purification step [30]. The normal range for testosterone in men is
11 -  45 nmol/l. The within-assay coefficient of variation (CV) was 5.6%. FSH was 
quantitatively determined in serum (AxSYM, Abbott Laboratories, USA). The 
minimal detectable concentration was 0.37 IU/l, and the within-assay CVs of serum 
controls were 5% at a mean concentration of 8.3 IU/l and 4.2% at 38 IU/l. LH was 
also determined on the AxSYM. The minimal detectable concentration was 0.50 IU/l
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and the within-assay CVs were 4.7% at 3.8 IU/l and 5.1% at 50 IU/l. The normal 
range for FSH in men is 1.5 -  11.0 IU/l and that for LH is 1.4 -  8.5 IU/l.
Statistical analysis
For comparison between the treatment groups the Kruskal-Wallis one-way ANOVA 
by ranks test was used. Differences in osteopenia and osteoporosis prevalence 
between BMD and BMAD measurements and differences in the prevalence of 
osteopenia and osteoporosis based on the different reference databases were 
evaluated with the McNemar test. Receiver operating characteristic (ROC) curves 
were generated with calculation of the significance of the area under the curve 
(AUC) for each QUS parameter to characterize the discriminative power for BMD 
defined osteoporosis. Linear associations between the QUS parameters and BMD 
and BMAD were examined using Pearson correlations. A two-tailed p<0.05 was 
taken as the level of statistical significance.
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Results
Serum Testosterone, LH and FSH during androgen replacement therapy
Mean serum testosterone, LH and FSH levels were not significantly different 
between the patients treated with either oral or parenteral testosterone or with oral 
and parenteral testosterone in subsequent periods (Table 1). In 29% of the patients 
the mean serum testosterone level was below the lower limit of normal (in 44% of 
the patients treated with oral testosterone, in 16% treated with parenteral testosterone 
and in 37% treated with oral or parenteral testosterone replacement therapy in 
subsequent periods, p>0.05). None of the patients had a mean serum testosterone 
level exceeding the upper limit of normal. Serum LH and FSH levels were above the 
upper limit of normal in 75% and 81% of the patients, respectively.
Table 1 Serum testosterone, LH and FSH (mean ± SD) of 52 patients with Klinefelter’s 
syndrome in the three different treatment groups.
Testosterone
(nmol/l)
LH
IU/l
FSH
IU/l
Oral testosterone (n=9) 11.8 ± 5.9 11.8 ± 5.2 24.5 ± 11.6
Parenteral testosterone (n=24) 17.1 ± 6.8 9.6 ± 4.0 18.5 ± 8.8
Oral and parenteral testosterone 14.8 ± 7.9 11.2 ± 4.2 21.7 ± 8.8
(n=19)
NS NS NS
NS = not significant
BMD and BMAD measurements
The results of BMD (g/cm2) and BMAD (g/cm3) measurements at the femoral neck, 
total hip and lumbar spine in the 52 treated KS patients are shown in Table 2. There 
was a high percentage of patients with a T-score between -1  and -2.5 or a T-score < 
-2.5 at the hip and/or spine for areal BMD as well as for BMAD. However, no hip or 
clinical spine fractures were noticed in this patient group. The percentage of patients 
with a BMD or BMAD T-score between -1 and -2.5 or a T-score < -2.5 differed 
depending upon the reference database used (Table 3). The mean T-scores for BMD 
and BMAD based on the three different North American reference databases are 
given in Figure 1.
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Table 2 Mean, SD and range for bone mineral density (BMD, g/cm2) and bone mineral 
apparent density (BMAD, g/cm3) measured at the femoral neck (FN), total hip (TH) and 
lumbar spine (LS) and for broadband ultrasound attenuation (BUA, dB/MHz) and speed of 
sound (SOS, m/s) measured at the calcaneus in 52 patients with Klinefelter’s syndrome after 
long-term testosterone substitution therapy.
Mean SD Range
FN-BMD 0.875 0.115 0.619 - 1.131
FN-BMAD 0.148 0.023 0.102 - 0.196
TH-BMD 0.978 0.133 0.691 - 1.252
TH-BMAD 0.022 0.003 0.015 - 0.029
LS-BMD 1.000 0.149 0.665 - 1.318
LS-BMAD 0.121 0.016 0.082 - 0.154
BUA 77.7 15.0 40.6 - 109.7
SOS 1518.8 36.5 449.0 - 1615.9
Table 3 Percentage of Klinefelter’s syndrome patients with a T-score between -1 and -2.5 or 
a T-score < -2.5, for BMD and BMAD at the different skeletal sites based on the different 
databases used for establishing young normal means and standard deviations for men.
T-score between -1 and -2.5 T-score <-2.5
Rochester Hologic NHANESIII Rochester
NHANES 
Hologic III
FN-BMD 28.8 48.1 23.1 0 7.7 0
TH-BMD 38.5 46.1 25.0 1.9 5.8 0
LS-BMD 36.5 32.7 3.8 11.5
Any TH/LS- 48.1 44.2 5.8 13.5
BMD
FN-BMAD 30.7 0
TH-BMAD 26.9 0
LS-BMAD 61.5 13.5
Any TH/LS- 63.4 13.5
BMAD
Hologic N H AN ESII Hologic NHANES II Hologic
Figure 1 T-scores (mean and 95% confidence intervals) for BMD or BMAD at the femoral neck (upper panel), total hip (middle panel) and 
lumbar spine (lower panel) in 52 patients with Klinefelter’s syndrome, based on the different reference databases.
Hologic = Hologic reference database (BMD), NHANES III = NHANES III reference database (BMD), Rochester = Rochester reference database 
(BMD), BMAD = bone mineral apparent density based on the Rochester reference database. ap<0.001 versus Hologic data, bp<0.001 versus 
Rochester data, cp<0.001 versus BMAD data.
\Q
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With respect to the BMD measurements, the percentages of patients with a T- 
score between -1 and -2.5 or a T-score < -2.5 at the total hip were significantly lower 
using the NHANES III reference data than when using the Hologic and Rochester 
reference data (all p<0.001). The percentages of patients with a T-score between - 
1and -2.5 or a T-score < -2.5 at the femoral neck were significantly lower using the 
NHANES III and Rochester reference data than when using the Hologic reference 
data (all p<0.001). The percentage of patients with a T-score < -2.5 at the lumbar 
spine was also significantly lower using the Rochester reference data (p<0.05), but 
there was no significant difference in the prevalence of the percentage of patients 
with a T-score between -1 and -2.5.
With respect to the BMAD measurements, the percentage of patients with a T- 
score between -1and -2.5 or a T-score < -2.5 at the femoral neck was comparable to, 
and at the total hip significantly (p<0.05) lower than, the corresponding percentage 
for the areal BMD at the same location. The percentage of patients with a T-score 
between -1and -2.5 or a T-score < -2.5 at the lumbar spine BMAD was significantly 
higher than for the areal BMD (p<0.001). The percentage of patients with a T-score 
between -1  and -2.5 or a T-score < -2.5 at the total hip and/or lumbar spine, was 
significantly higher for BMAD than for areal BMD measurements (p<0.005).
QUS parameters
Results of BUA (dB/MHz) and SOS (m/s) measurements at the calcaneus in the 52 
treated KS patients are shown in Table 2. Clinical and QUS characteristics for the 
group of KS patients and for the sex-, age- and height-matched control group are 
compared in Table 4. Weight in KS patients tended to be higher than in the control 
group (p=0.07). BUA and SOS were significantly lower in the KS patients. The 
percentages of patients with BUA and SOS T-scores between -1 and -2.5 were 
23.1% and 31.5%, respectively. The percentages of patients with a T-score less than 
-2.5 were 1.9% for BUA and 0 for SOS. The percentages of patients with a T-score 
between -1 and -2.5 or less than -2.5 with either BUA or SOS were 38.5% and 1.9%, 
respectively. The mean T-scores in the KS patients and in the control subjects are 
given in Figure 2.
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Table 4 Clinical characteristics (mean ± SD) of 52 patients with 
Klinefelter’s syndrome on testosterone replacement therapy and of 
the control group for QUS measurements.
KS Control
Age (years) 39.1 ± 12.4 37.9 ± 11.6 p=0.41
Height (cm) 182.1 ± 9.3 181.9 ± 7.8 p=0.46
Weight (kg) 83.8 ± 17.2 77.8 ± 8.6 p=0.07
BMI (kg/m2) 25.4 ± 5.1 23.8 ± 2.8 p=0.13
BUA (dB/MHz) 77.7 ± 15.0 87.1 ± 17.8 p=0.004
SOS (m/s) 1518.8 ± 36.5 1536.5 ± 42.5 p=0.03
Comparison o f QUS parameters with BMD and BMAD
The correlations between BUA and SOS on the one hand and BMD and BMAD at 
the femoral neck, total hip and lumbar spine on the other are presented in Table 5. 
Correlations between BUA and SOS on the one hand and BMD on the other were 
statistically significant (r-values between 0.28 and 0.37), except for the correlation 
between SOS and LS-BMD, which was not statistically significant. With respect to 
the correlations of BUA with BMAD, only the correlation with LS-BMAD was 
statistically significant, with r being 0.30. Correlations between SOS and BMAD 
were significant at each site, with r-values between 0.27 and 0.46. The ROC analysis 
showed that discrimination of patients with a BMD or BMAD T-score < -2.5 was not 
statistically significant with the QUS parameters BUA or SOS (areas under the curve 
between 0.39 and 0.73, all p>0.05). The percentage of patients with a T-score 
between -1 and -2.5 or a T-score < -2.5 for BUA and/or SOS measurements were 
significantly lower than the percentages of patients with the same cut-off points for 
BMD or BMAD, regardless of the reference database used (p<0.001).
Table 5 Linear correlation coefficients between the calcaneal QUS parameters BUA and 
SOS on the one hand and BMD and BMAD at the different skeletal sites on the other in 52 
patients with Klinefelter’s syndrome.
FN-BMD TH-BMD LS-BMD FN-BMAD TH-BMAD LS-
BMAD
BUA
SOS
0.29*
0.28*
0.37**
0.33*
0.35*
0.24
0.21
0.31*
0.25
0.46**
0.30*
0.27*
* p<0.05, ** p<0.005
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Figure 2 T-scores (mean and 95% confidence intervals) for BUA (left hand panel) and 
SOS (right hand panel) in 52 patients with Klinefelter’s syndrome (KS) and in 52 sex-, 
age- and height-matched control subjects (Control).
KS Control KS Control
Effects o f duration and type o f Testosterone therapy on QUS and BMD 
The duration of testosterone therapy was not significantly correlated with BMD or 
BMAD or with the QUS parameters BUA and SOS. There were no significant 
differences in BMD, BMAD or QUS parameters between patients treated with the 
different types of testosterone substitution (data not shown). Furthermore, there were 
no significant differences in BMD, BMAD and QUS parameters between patients 
who had started androgen therapy before and those who started after the age of 20 
years (data not shown).
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Discussion
The definition of male osteoporosis is controversial. Several cut-off points have been 
suggested: 2.5 SD below the mean for young normal men, 3-4 SD below the mean 
for normal men and 2.5 SD below the mean for young normal women [14]. Based on 
a recent study in which osteoporosis prevalence and fracture risk for men were 
studied using different cut-off points [15], we used a T-score of -2.5 SD or less 
relative to the young normal means and SDs for men as a cut-off point for male 
osteoporosis and a T-score between -2.5 and -1 for osteopenia. Using these cut-off 
points we found that with areal BMD measurements 44-48% (depending on the 
reference database used) of our testosterone treated KS patients had osteopenia and a 
further 6-14% had osteoporosis at the total hip and/or lumbar spine. When BMAD 
measurements were used, even higher prevalences were found (63% and 14% for 
osteopenia and osteoporosis, respectively). Despite low BMD values in the KS 
patients, hip fractures or clinical spine fractures were not reported. Systematic 
lumbar spine radiography, however, was not performed in this study, so information 
about non-clinical spine fractures is not available.
We evaluated the BMD measurements using three different North American 
reference databases. First, the Hologic database was used. It has been reported that 
the Hologic young normal femoral neck mean BMD is higher and the SD smaller 
than the corresponding values established by NHANES III and other studies [25,31­
33]. Hence, T-score calculations based on the Hologic reference data would be rather 
low resulting in a high osteoporosis prevalence. Therefore, we also used reference 
data from a second database, NHANES III, which contains representative data from 
the entire United States. Because the NHANES III database does not provide BMD 
data of the lumbar spine or BMAD data, a third database, the Rochester reference 
database, was also used. The reference data for Rochester men 20-49 years of age 
were used, since the hip BMD data from this database correspond closely to those 
from NHANES III [15,25]. As expected, we found in our study that the prevalences 
of both osteopenia and osteoporosis were significantly lower when using the 
NHANES III reference data (at the total hip and femoral neck) or Rochester 
reference data (at the femoral neck) than when using the Hologic reference data. At 
the lumbar spine, the prevalence of osteoporosis, but not osteopenia, was also 
significantly lower based on the Rochester reference data than on the Hologic 
reference data.
The assessment of volumetric BMD is of importance, since areal BMD does not 
account for bone size [21-23]. In our study, this was most evident at the lumbar 
spine. At this site, we found that the percentage of patients with a T-score between -1
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and -2.5 or a T-score < -2.5 was significantly higher based on BMAD than on areal 
BMD. This finding suggests that there is a low bone mineral content relative to bone 
volume in the lumbar spine of KS patients.
In earlier studies in KS patients, BMD was evaluated using metacarpal 
measurements [10,34], histomorphometric data [35], forearm densitometry [5,12,13] 
and single energy quantitative tomography of the lumbar spine [36]. From these 
older studies it appeared that KS is associated with a decreased BMD. Most of these 
studies were performed in untreated KS patients or in mixed treated and untreated 
patient groups. Because of differences in design, measurement techniques and 
measurement sites it is difficult to compare the results of these studies with those of 
the present study. There are only two other studies using DXA measurements of the 
lumbar spine and femoral neck in patients with KS [11,37]. In one study normal 
femoral neck and lumbar spine BMD was reported in 32 untreated KS patients [37]. 
The other study [11] reported a low femoral neck BMD in a small group of 14 
treated KS patients. Lumbar spine BMD, however, was not measured. The BMD 
data for the femoral neck in our study are in agreement with the results of this latter 
study.
At present there is no agreement how to diagnose female or male osteoporosis 
using QUS parameters [38-40]. Because QUS T-scores were not derived from the 
reference population used for BMD T-scores, we evaluated the QUS parameters not 
only in terms of T-scores but also by comparing them with those of sex-, age- and 
height-matched controls. Based on both approaches, QUS parameters were low in 
the KS patient group, despite long-term testosterone treatment. A positive correlation 
between weight and BUA or SOS has been reported [41] and weight in KS patients 
was higher than in the control subjects [42,43]. However, despite the higher body 
weight, BUA and SOS were significantly lower in KS patients.
We found in our KS patients correlation coefficients between the QUS parameters 
and BMD of 0.24 to 0.37 while correlation coefficients between the QUS parameters 
and BMAD were 0.21 to 0.46. These correlation coefficients are equal to or even 
lower than those reported between QUS parameters and BMD in studies in healthy 
subjects and in patients with postmenopausal osteoporosis (in these studies 
correlation coefficients varied between 0.37 and 0.60) [44-48]. Furthermore, the 
ROC analysis of the QUS parameters for BMD or BMAD defined osteoporosis 
showed a limited ability of QUS parameters to detect BMD or BMAD defined 
osteoporosis. The limited number of patients in the present study may result in a 
wider dispersion of the data and therefore may account for the only modest 
correlation coefficients between QUS and BMD. Nevertheless, our results indicate 
that calcaneal QUS is not appropriate for estimating BMD at the lumbar spine or hip
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in this patient group. This is in agreement with the results from studies in 
postmenopausal osteoporosis [44,45,47,48].
No significant differences in BMD or QUS parameters were seen between 
patients treated with different types of testosterone substitution. The duration of 
therapy was not associated with BMD, BMAD or QUS parameters. Twenty-nine 
percent of our patients had a mean serum testosterone level below the normal range, 
but there was no difference in BMD, BMAD or QUS T-scores between the patients 
with normal or subnormal testosterone levels. In line with our data, Wong et al. [11] 
reported that despite sufficient testosterone therapy, BMD in KS patients is lower 
than normal. Nevertheless, the high prevalence of osteopenia and osteoporosis in the 
present study, especially at the lumbar spine, was not expected in view of the 
reported positive effect of testosterone on spinal BMD in hypogonadal men [4,49]. It 
can not be excluded that the low BMD is caused by testosterone undertreatment, but 
it is more likely that BMD in testosterone treated KS patients remains low because 
testosterone therapy was started after puberty, leading to impaired peak BMD [4]. 
We found no difference in BMD, BMAD and QUS parameters between patients, 
who started therapy after the age of 20 years and those who started therapy before 
the age of 20 years. However, the mean age at the start of treatment in the latter 
group was 17.1 years, which may be too late for adequate bone density accrual.
Although a limitation of our study is that direct comparison of BMD and QUS T- 
scores is not possible because in the control group in which QUS parameters were 
determined no BMD measurements were performed, we conclude that despite long­
term testosterone replacement therapy, a considerable percentage of patients with KS 
had a BMD T-score < -1 or even < -2.5, based on different North American reference 
databases. This percentage was even higher for BMAD. QUS parameters were also 
low in the KS patient group, when compared with Dutch control subjects. QUS 
parameters cannot be used to predict BMD or BMAD in KS patients.
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Chapter 8
Summary and conclusions
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In this thesis several aspects of QUS as a method for evaluation of skeletal status are 
studied. In chapters 2 and 3 the relation between mechanical properties of bovine 
trabecular bone, BMD as measured with DXA, and the QUS parameter SOS is 
investigated in-vitro. The other studies described in this thesis are focused on 
calcaneal QUS measurements in-vivo. In chapters 4 and 5 the application of 
ultrasound imaging techniques is studied in healthy children and adults. In chapters 6 
and 7 the ultrasound parameters BUA and SOS are compared with BMD in healthy 
pre- and postmenopausal women and in hypogonadal males with Klinefelter’ s 
syndrome.
In chapter 1, preceding the original studies, a summary of basic ultrasound 
principles, and a review of current knowledge of bone ultrasound measurements in- 
vitro and of the application of calcaneal ultrasound measurements in-vivo are given.
In chapter 2, the abilities of the QUS parameter SOS and of BMD, measured by 
DXA, to predict Young’s modulus, were analyzed. Young’s modulus, a measure of 
stiffness of material, was assessed by microstructural finite element analysis (^FEA) 
from microcomputed tomography (^CT) reconstructions. SOS, BMD, and ^CT 
measurements were performed in 15 cubes of pure trabecular bovine bone in three 
orthogonal directions. With ^FEA simulation, all bone elements in the model can be 
assigned the same isotropic Young’ s modulus (E); therefore, in contrast to 
mechanical tests only the trabecular structure plays a role in the determination of the 
elastic properties of the specimen. We found a strong linear relationship between E 
and SOS in each of the three orthogonal directions. The relationship between E and 
BMD was less strong. After correction for BMD, the correlations between SOS and 
E in each of the three directions remained highly significant. After correction for 
SOS, BMD remained significantly correlated with E in two of three directions. 
Overall, E was best predicted by SOS in each of the orthogonal directions. These 
observations illustrate the ability of the SOS technique to assess the architectural 
mechanical quality of trabecular bone.
In chapter 3, we investigated the feasibility of deriving the tissue elastic 
modulus, as an estimator of mechanical quality of the mineralized tissue, from 
computer simulation of mechanical testing by ^FEA in combination with SOS and 
BMD measurements in 15 bovine bone cubes. The stiffness of the specimens was 
estimated from ultrasound SOS measurements in combination with BMD 
measurements (with DXA). The trabecular morphology was reconstructed using 
I^CT. From the reconstruction a mesh for ^FEA was derived, used to simulate 
mechanical testing. The tissue elastic modulus was found by correlating the stiffness
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of the specimen as assessed by ultrasound with the elastic moduli as determined with 
I^FEA. A mean tissue modulus of 4.5 GPa (SD 0.69) was found. When the ^FEA- 
determined elastic moduli for the entire cubes were adjusted according to the 
calculated tissue modulus, a correlation of r2 = 0.96 (p<0.001) with ultrasound- 
predicted values was obtained. It is concluded, that the elastic stiffness 
characteristics as determined from ultrasound agreed closely with those from ^FEA. 
From both methods in combination the elastic stiffness of the mineralized tissue can 
be determined as an estimator for mechanical tissue quality. This method can already 
be used for biopsies, and could potentially be applicable in-vivo as well, when 
clinical CT or MRI tools with adequate resolution reach the market. In this way 
mechanical bone quality could be estimated more accurately in the clinic.
In chapter 4, we investigated the QUS parameters BUA and SOS measured in 
the posterior part of the calcaneus at the region of interest (ROI) with the lowest 
attenuation, using the ultrasound imaging device UBIS 3000 in 491 healthy 
Caucasian children and adolescents (262 girls, 229 boys) between 6 and 21 years. 
The relation of age, body weight, height, foot dimensions and pubertal stage to BUA 
and SOS was assessed. We demonstrated, that BUA increased significantly with age 
in both sexes. SOS increased with age in both boys and girls, but the increase was 
small and not statistically significant in boys. SOS, as measured with the UBIS 3000 
device, may therefore not be appropriate to assess skeletal status in children. In boys 
age, weight and foot length were independent predictors for BUA and age and foot 
length for SOS. In girls, age and weight were independent predictors for BUA and 
age was the only independent predictor for SOS. In our opinion, children with small 
feet should be measured with a smaller ROI diameter than those with larger feet.
In chapter 5, we studied the influence of different region of interest (ROI) 
diameters and software techniques [automatic (ROIaut), copied (ROIcop) and fixed 
co-ordinate (ROIfix) measurements] on annual rate of change, trend assessment 
interval (TAI, an estimate of the follow-up time required for measuring a true 
change), percentage of positioning errors (positioning of the ROI partly at the 
cortical edge or even partly beyond the calcaneus), and short-term precision error. 
BUA and SOS were measured at the calcaneus using the ultrasound imaging device 
UBIS 3000 in 698 healthy Caucasian male and female subjects (110 prepubertal, 356 
pubertal/adolescent and 210 adult) between 6 and 77 years. When using ROI 
diameters increasing from 8 to 20 mm, the annual rate of change of BUA and SOS 
was higher in prepubertal subjects (when subjects with positioning errors were 
excluded) as well as in pubertal/adolescent subjects. TAIs for BUA were shortest 
when using ROIaut with ROI diameters between 8 and 14 mm (TAI between 1.2 and 
1.5 years for prepubertal boys and pubertal/adolescent subjects, 2.4 years for
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prepubertal girls, 2.7 years for postmenopausal women, and 9 years in men and 
premenopausal women). TAIs for SOS were 4 years or more, except for 
postmenopausal women (2.1 years) and for prepubertal boys (3.2 years). 
Measurements with large ROI diameters, especially with fixed region coordinates, 
resulted in a high percentage of positioning errors and mostly in longer TAIs. 
Analysis of the short-term precision errors did not reveal these important differences 
between the various ROI diameters.
These results indicate that calcaneal ultrasound imaging may be useful for measuring 
skeletal changes in healthy children, especially with BUA, and in postmenopausal 
women with BUA and SOS using an automatic measurement in the region of lowest 
attenuation. ROI diameters of 12 mm should be used in prepubertal subjects and of
14 mm in pubertal/adolescent and adult subjects.
In chapter 6, we studied the relationship between the QUS parameters BUA and 
SOS, as measured by the Sahara ultrasound device, with BMD at the lumbar spine, 
total hip and femoral neck as measured by DXA, in 217 pre- and postmenopausal 
women between the ages of 25 and 75 years. Significantly lower regression 
coefficients between BUA and DXA at the total hip and the femoral neck were found 
in premenopausal women (r = 0.31 and 0.38, p<0.0001) compared to 
postmenopausal women (r = 0.56 and 0.53, p<0.0001). For SOS there was no 
significant difference between the regression coefficients in the pre- and 
postmenopausal group. The overall prevalence of osteoporosis as assessed by DXA 
in the total group was 25% (6% in the pre- and 36% in the postmenopausal group). 
BUA failed to detect osteoporosis in all 5 premenopausal women but also in twenty 
out of fifty postmenopausal women with osteoporosis according to DXA 
measurements. SOS measurements were even worse in this respect. It is concluded 
that the linear regression coefficients between calcaneal QUS parameters and DXA 
are only modest considering a group of 25 -  75 year old Dutch women. In the 
subgroup of premenopausal women correlations between BUA and BMD at the hip 
and femoral neck are worse compared to those in postmenopausal women. The 
predictive value of QUS parameters for BMD is limited, therefore it is not 
appropriate to use QUS as a surrogate for DXA.
In chapter 7, we examined in a cross-sectional study 52 chromatin positive 
patients with Klinefelter’s syndrome (KS), aged 39.1 ± 12.4 years (mean ± SD), to 
assess the prevalences of osteopenia and osteoporosis after long-term testosterone 
treatment. Results of BMD measurements were compared with those of QUS 
measurements (UBIS 3000). Patients had been treated with oral or parenteral 
androgens for 9.2 ± 8.2 years (range 1 -  32 years). Areal BMD and bone mineral 
apparent density (BMAD, i.e. estimated volumetric BMD) at the lumbar spine, total
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hip and femoral neck were determined by DXA. To assess the prevalences of 
osteopenia and osteoporosis, the data in the KS patients were compared with those 
from three different North American reference databases. In all KS patients, BUA 
and SOS were measured at the calcaneus and compared with QUS results in a sex-, 
age- and height-matched control group and with the BMD results. QUS T-scores in 
the patient group were calculated based on the results of QUS measurements in 50 
normal men between the ages of 20 and 30 years. We found that despite long-term 
testosterone replacement therapy, a considerable percentage of patients with KS had 
a BMD T-score < -1 (46%) or even < -2.5 (10%). These percentages were even 
higher for BMAD (63 and 14%, respectively). QUS parameters were significantly 
lower in the KS patient group, when compared to Dutch control subjects. ROC 
analysis showed that QUS parameters could not be used to predict BMD or BMAD 
in KS patients.
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We have shown in the in-vitro studies, that it is possible to assess the architectural 
mechanical quality of trabecular bone with the QUS parameter SOS. Furthermore, 
the mechanical quality of the mineralized tissue itself could be assessed by 
‘subtracting’ the elastic properties assessed by ^FEA from the elastic properties 
assessed by SOS. Our results emphasize the potential of QUS for measuring 
mechanical properties of bone.
In the in-vivo studies in healthy children we have shown that calcaneal ultrasound 
imaging is useful for measuring skeletal changes and that it is necessary to adjust the 
size of the region of measurement within the calcaneus during growth. It is likely, 
that QUS is also useful for the evaluation of children with skeletal disorders, 
although this has to be determined yet. In the study regarding patients with 
Klinefelter’ s syndrome we showed for the first time that despite long-term 
testosterone replacement therapy, a considerable percentage of patients not only had 
low BMD levels, but also low QUS levels. The studies in pre- and postmenopausal 
women and in the patients with Klinefelter’ s syndrome have shown that the 
predictive value of QUS parameters for BMD is limited, underlining the fact that 
QUS measurements are not equal to BMD measurements.
Quantitative ultrasound of bone: state of the art and prospects for future 
investigations
In prospective studies in women of 65 years and older it has been shown that the 
ability to predict osteoporotic fractures is equal for calcaneal QUS measurements and 
femoral neck BMD measurements. In younger women data on this subject are very 
limited and in men these data are completely lacking. At present, there is no 
consensus regarding the diagnosis of osteoporosis with QUS measurements of the 
calcaneus. The value of QUS measurements for the follow-up of patients with 
skeletal disorders and for the evaluation of the treatment of osteoporosis is not yet 
known. It is also not known whether it is possible to identify patients who may 
benefit from anti-osteoporosis therapies in terms of fracture risk reduction. The 
current clinical use of QUS measurements is therefore limited to fracture risk 
assessment in older women. Only a limited number of QUS devices have been 
validated for this purpose. For a wider clinical application in the near future, it is 
necessary that guidelines are being developed based on fracture risk assessment in 
both men and women and for different age categories. Additional research is also
Main conclusions from the investigations presented in this thesis
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needed to evaluate the potential of longitudinal QUS measurements. Furthermore, 
since there are important differences between ultrasound devices, quality standards 
and methods for cross-calibration of QUS devices have to be developed.
At the moment, the development of methods for measuring QUS at the hip and 
lumbar spine is promising and may further enhance the potential of QUS with 
respect to fracture risk assessment. Another promising area is the current 
development of QUS techniques using high frequencies and resolutions, which may 
contribute to improved image formation and further assessment of biomechanical 
and cellular properties of bone.

Chapter 9
Samenvatting en conclusies
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In dit proefschrift zijn verschillende aspecten bestudeerd van het gebruik van 
ultrageluid als methode om een indruk te krijgen over de kwaliteit van bot. In de 
hoofdstukken 2 en 3 is in-vitro de relatie onderzocht tussen enerzijds mechanische 
eigenschappen van trabeculair runderbotweefsel, en anderzijds botmineraal dichtheid 
(BMD); gemeten met dual energy X-ray absorptiometry (DXA), en de 
ultrageluidsparameter speed of sound (SOS). De andere onderzoeken in dit 
proefschrift betreffen ultrageluidsmetingen in-vivo. In de hoofdstukken 4 en 5 is het 
gebruik van beeldvormende ultrageluidstechnieken bestudeerd bij gezonde kinderen 
en volwassenen. In de hoofdstukken 6 en 7 zijn de ultrageluidsparameters broadband 
ultrasound attenuation (BUA) en SOS vergeleken met BMD bij gezonde pre- en 
postmenopauzale vrouwen en hypogonadale mannen met het syndroom van 
Klinefelter.
In hoofdstuk 1 wordt een inleiding gegeven met betrekking tot de basale 
ultrageluidsprincipes, en een overzicht van de huidige stand van zaken betreffende de 
toepassing van ultrageluidsmetingen van bot in-vitro en in-vivo .
In hoofdstuk 2 wordt de hypothese onderzocht of met de ultrageluidsparameter 
SOS en met de BMD, gemeten met de DXA methode, de stijfheid van botweefsel te 
voorspellen is. De stijfheid van botweefsel wordt uitgedrukt als elasticiteitsmodulus 
(E) en is bepaald met behulp van een eindige elementen analyse (^FEA) op basis van 
microcomputer tomografie (^CT) reconstructies. SOS, BMD en ^CT metingen van
15 kubieke blokjes van puur trabeculair runderbot werden verricht in drie 
orthogonale richtingen. Met behulp van de ^FEA simulatie kan aan alle 
botelementen in het model dezelfde modulus toegekend worden zodat, in 
tegenstelling tot bij een mechanische test, alleen de trabeculaire structuur een rol 
speelt in de bepaling van de elastische eigenschappen van het botstuk. In dit 
onderzoek werd een sterke lineaire correlatie gevonden tussen E en SOS in elk van 
de drie gemeten richtingen. De correlatie tussen E en BMD was minder sterk. De 
correlatie tussen E en SOS bleef in alle 3 richtingen sterk significant na correctie 
voor BMD. Na correctie voor SOS was de correlatie tussen E en BMD nog slechts in 
twee richtingen significant. In dit onderzoek bleek E in elk van de drie richtingen het 
best voorspeld te worden door SOS. Deze observaties tonen aan dat het mogelijk is 
om met SOS metingen de mechanische eigenschappen te bepalen van de trabeculaire 
structuur van botweefsel.
In hoofdstuk 3 wordt de mogelijkheid onderzocht om de elasticiteitsmodulus van 
het gemineraliseerde botweefsel (de 'weefselmodulus') te bepalen op basis van 
^FEA, SOS en BMD metingen. Metingen werden verricht van 15 kubieke blokjes
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van puur trabeculair runderbot. De stijfheid van het totale botstuk werd bepaald op 
basis van SOS (ultrageluids)metingen in combinatie met BMD metingen (met behulp 
van DXA). De trabeculaire structuur van het botstuk werd gereconstrueerd met ^CT 
metingen. Vervolgens werd met behulp van het ^FEA model een mechanische test 
gesimuleerd en de stijfheid (elasticiteitsmodulus) van de trabeculaire structuur werd 
hieruit afgeleid. De elasticiteitsmodulus van het gemineraliseerde weefsel werd 
bepaald op basis van de stijfheid van het totale botstuk (bepaald met SOS) en van de 
trabeculaire structuur (bepaald met ^FEA). Er werd een gemiddelde weefselmodulus 
gevonden van 4.5 GPa (SD 0.69). Wanneer de ^FEA bepaalde elasticiteitsmoduli 
van het hele blokje werd herberekend op basis van de gevonden weefselmodulus, 
bleken deze sterk gecorreleerd te zijn met de elasticiteitsmoduli gebaseerd op de SOS 
metingen (r2 = 0.96, p<0.001). Evaluatie van de elastische eigenschappen van het 
gemineraliseerde botweefsel met behulp van de ^FEA methode in combinatie met 
SOS metingen is momenteel reeds mogelijk voor kleine botstukken en botbiopten en 
kan mogelijk in de toekomst in-vivo worden toegepast bij gebruik van CT en/of MRI 
apparaten met een voldoende hoge resolutie.
In hoofdstuk 4 worden de resultaten beschreven van ultrageluidsmetingen van de 
calcaneus bij 491 gezonde blanke kinderen en adolescenten (262 van het vrouwelijk 
geslacht en 229 van het mannelijk geslacht) met een leeftijd tussen 6 en 21 jaar. De 
ultrageluidsparameters BUA en SOS werden gemeten in een circulair gebied met de 
laagste geluidsverzwakking in het achterste gedeelte van de calcaneus (ROI = region 
of interest), met behulp van het UBIS 3000 apparaat. De relatie tussen leeftijd, 
gewicht, lengte, voetlengte en puberteitsstadium enerzijds en BUA en SOS 
anderzijds werd bestudeerd. Uit dit onderzoek bleek dat de BUA bij beide seksen 
significant hoger werd met het stijgen van de leeftijd. SOS nam ook toe met de 
leeftijd bij zowel jongens als meisjes, echter de toename was slechts zeer gering en 
bij jongens niet statistisch significant. Dit suggereert dat de SOS meting (met de 
UBIS 3000) niet geschikt is voor evaluatie van de skeletstatus bij kinderen. Bij de 
jongens waren leeftijd, gewicht en voetlengte onafhankelijke voorspellende factoren 
voor BUA en leeftijd en voetlengte voor SOS. Bij de meisjes waren leeftijd en 
gewicht onafhankelijke voorspellende factoren voor BUA en leeftijd was de enige 
onafhankelijke voorspellende factor voor SOS. Tevens bleek uit dit onderzoek dat 
kinderen met kleine voeten gemeten dienen te worden met een kleine ROI diameter 
in vergelijking met kinderen met grotere voeten.
In hoofdstuk 5 wordt het gebruik van verschillende ROI diameters en software 
technieken [automatische (ROIaut), gekopieerde (ROIcop), en gefixeerde (ROIfix) 
metingen] bestudeerd. Met name het effect van de verschillende technieken op de 
jaarlijkse verandering van de ultrageluidsparameters, het trend assessment interval
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(TAI, de follow-up tijd die nodig is om betrouwbaar een werkelijk verschil te kunnen 
meten), het voorkomen van positioneringsfouten (d.w.z. positionering van de ROI 
gedeeltelijk in de cortex van de calcaneus of zelfs gedeeltelijk buiten de calcaneus), 
en de variatiecoëfficiënt (procentuele meetfout optredend bij herhaalde metingen) 
werd berekend. BUA en SOS werden gemeten in de calcaneus met het UBIS 3000 
apparaat bij 698 gezonde blanke mannelijke en vrouwelijke personen (110 
prepuberaal, 356 puberaal/adolescent en 210 volwassen) met een leeftijd van 6 tot 77 
jaar. Na analyse bleek dat in zowel de prepuberale als de puberale/adolescenten 
groep (na exclusie van positioneringsfouten) de jaarlijkse stijging van BUA en SOS 
toenam bij een toename van de ROI diameter van 8 tot 20 mm. Het TAI was het 
kortst voor de BUA bij gebruik van de ROIaut meting met een ROI diameter tussen 
8 en 14 mm (TAI tussen 1,2 en 1,5 jaar bij prepuberale jongens en de 
puberale/adolescenten groep, 2,4 jaar bij prepuberale meisjes, 2,7 jaar bij 
postmenopauzale vrouwen en 9 jaar bij mannen en premenopauzale vrouwen). Het 
TAI voor de SOS was meer dan 4 jaar bij alle groepen, behalve bij postmenopauzale 
vrouwen (2,1 jaar) en prepuberale jongens (3,2 jaar). Bij gebruik van grote ROI 
diameters werd een hoog percentage positioneringsfouten en meestal een langere 
TAI gevonden, met name met de gefixeerde ROI techniek. Opmerkelijk hierbij was 
dat deze dit niet tot uiting kwam bij analyse van de variatiecoëfficiënt. De resultaten 
van dit onderzoek tonen aan dat de ultrageluidsmeting van de calcaneus met 
beeldvormende apparatuur bruikbaar is voor de evaluatie van de skeletstatus. Dit is 
met name het geval bij automatische metingen van de BUA bij gezonde kinderen en 
adolescenten en van de BUA en SOS bij postmenopauzale vrouwen. Bij de 
prepuberale groep dient een ROI diameter van 12 mm gebruikt te worden, bij de 
puberale/adolescenten groep en bij de volwassenen een ROI diameter van 14 mm.
In hoofdstuk 6 wordt de relatie tussen de ultrageluidsparameters BUA en SOS 
enerzijds en de BMD van de lumbale wervelkolom, totale heup en heuphals 
(gemeten met DXA) anderzijds bestudeerd in een groep van 217 pre- en 
postmenopauzale vrouwen met een leeftijd tussen 25 en 75 jaar. In de totale groep 
waren alle correlaties tussen de ultrageluidsmetingen en de DXA metingen matig (r =
0.53-0.54, p<0.0001). Er werd een significant lagere regressiecoëfficiënt gevonden 
voor de vergelijking van BUA met BMD van de totale heup en heuphals bij 
premenopauzale vrouwen (r = 0.31 en 0.38, p<0.0001) dan bij postmenopauzale 
vrouwen (r = 0.56 en 0.53, p<0.0001). Voor de vergelijking van SOS met BMD werd 
geen verschil tussen de regressiecoëfficiënten van de pre- en postmenopauzale 
groepen gevonden. De prevalentie van osteoporose in de totale groep, op basis van 
de DXA meting was 25% (6% in de pre- en 36% in de postmenopauzale groep). De 
voorspellende waarde van de ultrageluidsmeting voor de diagnose osteoporose (op
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basis van de DXA meting) was slechts gering. Bij de 5 premenopauzale vrouwen en 
bij 20 van de 25 postmenopauzale vrouwen met de diagnose osteoporose op basis 
van de DXA meting, werd de diagnose gemist met de BUA meting. Met de SOS 
meting werd de diagnose osteoporose nog vaker gemist. Uit deze gegevens blijkt dat 
de ultrageluidsmeting van de calcaneus niet gebruikt mag worden ter voorspelling 
van de DXA meting.
In hoofdstuk 7 wordt de prevalentie van osteopenie (BMD T-score < -1) en 
osteoporose (BMD T-score < -2.5) bestudeerd in een dwarsdoorsnede onderzoek bij 
52 patiënten (gemiddelde leeftijd 39.1 ± 12.4 jaar) met het syndroom van Klinefelter 
die langdurig behandeld werden met testosteronsubstitutie. Tevens worden de 
resultaten van BMD metingen vergeleken met die van ultrageluidsmetingen van de 
calcaneus (BUA en SOS, gemeten met het UBIS 3000 apparaat). De patiënten waren 
behandeld met orale of parenterale testosteron substitutie gedurende 9.2 ± 8.2 jaar 
(spreiding 1 - 32 jaar). BMD en BMAD (bone mineral apparent density, een 
berekende volumetrische BMD) van de lumbale wervelkolom, totale heup en 
heuphals werden gemeten met DXA. Voor bepaling van de prevalentie van 
osteopenie en osteoporose werden de DXA gegevens van de patiënten met het 
syndroom van Klinefelter vergeleken met die van drie verschillende 
referentiedatabanken uit Noord-Amerika. De resultaten van ultrageluidsmetingen van 
de patiënten met het syndroom van Klinefelter werden vergeleken met die van BMD 
metingen en ultrageluidsmetingen van een op leeftijd, lengte en geslacht 
overeenkomende controlegroep. T-scores voor BUA en SOS in de patiëntengroep 
werden berekend op basis van BUA en SOS metingen in een groep van 50 gezonde 
mannen met een leeftijd tussen 20 en 30 jaar. Ondanks langdurige 
testosteronsubstitutie bleek een hoog percentage patiënten met het syndroom van 
Klinefelter een BMD T-score < -1 (46%) of zelfs < -2.5 (10%) te hebben. Deze 
percentages waren nog hoger voor de BMAD metingen (63% en 14% 
respectievelijk). De ultrageluidsparameters BUA en SOS waren significant lager in 
de groep met het syndroom van Klinefelter dan in de controlegroep. ROC analyse 
toonde aan, dat de uitslag van de BMD of BMAD meting niet voorspeld kon worden 
met de uitslag van de ultrageluidsmeting.
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In de in-vitro onderzoeken is aangetoond dat het mogelijk is om met de 
ultrageluidsparameter SOS een indruk te krijgen van de mechanische eigenschappen 
van de trabeculaire botstructuur. Tevens is aangetoond dat het mogelijk is de 
elastische eigenschappen van het gemineraliseerde botweefsel te bepalen met behulp 
van de ^FEA methode in combinatie met SOS metingen. Deze bevindingen 
benadrukken de bruikbaarheid van de ultrageluidsmetingen voor het vaststellen van 
mechanische eigenschappen van botweefsel.
In de in-vivo onderzoeken bij gezonde kinderen is aangetoond dat 
ultrageluidsmetingen van de calcaneus met beeldvormende technieken bruikbaar zijn 
voor het meten van de skeletstatus en dat het nodig is om de grootte van het 
meetgebied in de calcaneus aan te passen tijdens de groeiperiode. Het ligt voor de 
hand dat deze ultrageluidstechnieken ook bruikbaar zijn voor de evaluatie van 
kinderen met ziekten waarbij het skelet betrokken is, alhoewel dit momenteel nog 
niet bewezen is. In het onderzoek bij de patiënten met het syndroom van Klinefelter 
is aangetoond dat veel patiënten ondanks een langdurige testosteronbehandeling lage 
BMD- en ultrageluidswaarden hebben. In de onderzoeken bij pre- en 
postmenopauzale vrouwen en bij de patiënten met het syndroom van Klinefelter is 
aangetoond dat de voorspellende waarde van de ultrageluidsparameters voor de 
BMD meting beperkt is, waarmee onderstreept wordt dat beide technieken niet 
dezelfde aspecten van botweefsel meten.
Ultrageluidsmetingen van het bot: huidige stand van zaken en toekomstige 
ontwikkelingen
In prospectieve onderzoeken bij vrouwen van 65 jaar en ouder is aangetoond dat de 
voorspellende waarde van BUA en SOS metingen van de calcaneus voor wervel- en 
heupfracturen vergelijkbaar is met die van DXA metingen van heup of wervel. Er 
zijn nauwelijks gegevens over het voorspellen van de kans op fracturen bij pre- of 
perimenopauzale vrouwen en geen gegevens bij mannen. In tegenstelling tot voor de 
DXA-meting, bestaan er voor de ultrageluidsmeting nog geen internationale 
afspraken ten aanzien van de diagnose osteoporose. Voorts is de waarde van 
ultrageluidsmetingen voor de follow-up van patiënten (o.a. tijdens medicamenteuze 
interventies) nog onvoldoende bekend. In tegenstelling tot DXA metingen zijn geen 
gegevens beschikbaar met betrekking tot de mogelijkheid om patiëntengroepen te 
identificeren die baat hebben bij medicamenteuze interventie. De klinische
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toepasbaarheid van ultrageluidsmetingen is momenteel dan ook beperkt tot het 
inschatten van het fractuurrisico bij vrouwen van 65 jaar en ouder. Hiervoor zijn 
momenteel enkele apparaten gevalideerd. Voor een uitgebreidere klinische 
toepassing van de ultrageluidsmetingen is het nodig dat richtlijnen ontwikkeld 
worden voor de diagnostiek van osteoporose met behulp van ultrageluidsmetingen en 
voor het bepalen van het fractuurrisico van mannen en vrouwen in verschillende 
leeftijdscategorieën. Ook dient de waarde van longitudinale ultrageluidsmetingen 
verder onderzocht te worden. Omdat er belangrijke verschillen bestaan tussen de 
diverse ultrageluidsapparaten dienen kwaliteitsnormen en ijkmethoden ontwikkeld te 
worden, ter vergelijking van gegevens van de verschillende apparaten.
De huidige ontwikkeling van ultrageluidsapparaten waarmee metingen van de 
heup en lumbale wervelkolom mogelijk worden is veelbelovend en kan de 
fractuurrisico bepaling verder verbeteren. Daarnaast is met toepassing van 
ultrageluidstechnieken met hoge frequenties en resoluties beeldvorming mogelijk te 
verbeteren, waardoor uitgebreidere evaluatie van de biomechanische en cellulaire 
eigenschappen van botweefsel tot de mogelijkheden behoort.
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Abbreviations
AP anteroposterior
BMAD bone mineral apparent density
BMD bone mineral density
BUA broadband ultrasound attenuation
BUA_ROI broadband ultrasound attenuation after adjustment of ROI size
CC and craniocaudal
CV coefficient of variation
DXA dual-energy X-ray absorptiometry
E young’s modulus
Eapp apparent young’s modulus
Etissue tissue modulus
FN femoral neck
KS klinefelter’s syndrome
LS lumbar spine
MIL mean intercept length
ML mediolateral
MRI magnetic resonance imaging
nBUA normalized broadband ultrasound attenuation
NHANES nutritional examination survey
nSOS normalized speed of sound
PEst short-term precision error
QCT quantitative computed tomography
QUS quantitative ultrasound
ROI region of interest
ROIaut automatic region of interest
ROIcop copied region of interest
ROIfix fixed co-ordinate region of interest
SD standard deviation
SOS speed of sound
SOS_ROI speed of sound after adjustment of ROI size
TAI trend assessment interval
TAM trend assessment margin
TH total hip
UBIS ultrasound bone imaging scanner
vbar bar velocity
vlong longitudinal velocity
VOI volume of interest
WHO world health organization
|iCT micro-computed tomography
|iFEA microstructural finite element analysis
papp apparent density
